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General Physical Theory 



Silicon rectifiers and thyristors 
(silicon controlled rectifiers and 
triacs) are, in essence, merely 
solid-state switches. A rectifier is a 
simple unidirectional device that 
acts as an open switch in one direc- 
tion and as a closed switch in the 
other direction. A silicon control- 
led rectifier is designed to operate 
as an open switch in one direction 
and, depending on circuit operat- 
ing conditions, as either an open or 
a closed switch in the other direc- 
tion. A triac is a completely 
bidirectional switch that, as de- 
manded by circuit logistics, may 
be either open or closed in either 
direction. 

Silicon rectifiers and thyristors 
are widely used in the rectifica- 
tion, switching, and control of ac 
power in applications such as dc 
power supplies, switching reg- 
ulators, converters and inverters, 
lamp dimmers and flashers, heat- 
ing controls, motor speed con- 
trols, capacitive-discharge ignition 
systems, and horizontal deflection 
systems for television receivers. 
These solid-state devices offer the 
advantage of low cost, light 
weight, small package size, excel- 
lent voltage and current 
capabilities, and reliability which 



exceeds that of their electron-tube 
and electromechanical counter- 
parts. The basic voltage-current 
relationships that permit silicon 
rectifiers and thyristors to provide 
the switching action required in 
such a broad range of power appli- 
cations can be explained by a brief 
review of the properties of 
semiconductor materials and junc- 
tions and an analysis of the poten- 
tial energies across the junctions 
formed by the layers of semicon- 
ductor material used in the con- 
struction of these devices. 

SEMICONDUCTOR 
MATERIALS 

Unlike other electron devices, 
which depend for their function- 
ing on the flow of electric charges 
through a vacuum or a gas, solid- 
state devices make use of the flow 
of current in a solid. In general, all 
materials may be classified into 
three major categories — conduc- 
tors, semiconductors, and insula- 
tors, — depending upon their ability 
to conduct an electric current. As 
the name indicates, a semiconduc- 
tor material has poorer conductiv- 
ity than a conductor, but better 
conductivity than an insulator. 
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The materials most often used in 
semiconductor devices is silicon. 

Resistivity 

The ability of a material to 
conduct current (conductivity) 
is directly proportional to the 
number of free (loosely held) 
electrons in the material. Good 
conductors, such as silver, cop- 
per, and aluminum, have large 
numbers of free electrons; their 
resistivities are of the order of 
a few millionths on an ohm-cen- 
timeter. Insulators such as glass, 
rubber, and mica, which have 
very few loosely held electrons, 
have resistivities as high as sev- 
eral million ohm-centimeters. 

Silicon lies in the range between 
these two extremes, as shown in 
Fig. 1. 
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Fig. I — Resistivity of typical conductor, 
semiconductor, and insulator. 

Pure silicon has a resistivity, 
in the order of 60,000 ohm-centi- 
meters at room temperature (this 
resistivity decreases rapidly as the 
temperature rises). As used in 
solid-state devices, however, sili- 
con contains carefully controlled 
amounts of certain impurities 
which reduce its resistivity to 
values in the range from 0.01 to 
1000 ohm-centimeters, depending 
upon the application. 



Impurities 

Carefully prepared semicon- 
ductor materials have a crystal 
structure. In this type of struc- 
ture, which is called a lattice, the 
outer or valence electrons of in- 
dividual atoms are tightly bound 
to the electrons of adjacent 
atoms in electron-pair bonds, as 
shown in Fig. 2. Because such a 
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Fig. 2 — Crystal lattice structure. 

structure has no loosely held 
electrons, semiconductor ma- 
terials are poor conductors under 
normal conditions. In order to 
separate the electron-pair bonds 
and provide free electrons for 
electrical conduction, it would be 
necessary to apply high tempera- 
ture or strong electric fields. 

Another way to alter the lat- 
tice structure and thereby obtain 
free electrons, however, is to add 
small amounts of other elements 
having a different atomic struc- 
ture. By the addition of almost 
infinitesimal amounts of such 
other elements, called impurities, 
the basic electrical properties of 
pure semiconductor materials can 
be modified and controlled. The 
ratio of impurity to the semi- 
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conductor material is usually ex- 
tremely small, in the order of one 
part in ten million. 

When the impurity elements 
are added to the semiconductor 
material, impurity atoms take the 
place of semiconductor atoms in 
the lattice structure. If the im- 
purity atoms added have the 
same number of valence elec- 
trons as the atoms of the original 
semiconductor material, they fit 
neatly into the lattice, forming 
the required number of electron- 
pair bonds with semiconductor 
atoms. In this case, the electrical 
properties of the material are 
essentially unchanged. 

When the impurity atom has 
one more valence electron than 
the semiconductor atom, how- 
ever, this extra electron cannot 
form an electron-pair bond be- 
cause no adjacent valence elec- 
tron is available. The excess 
electron is then held very loosely 
by the atom, as shown in Fig. 3, 
and requires only slight excita- 
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Fig. 3 — Lattice structure on n-type 
material. 



tion to break away. Consequently, 
the presence of such excess elec- 
trons increase the conductivity of 
the material, i.e., its resistance to 
current flow is reduced. 

Impurity elements which are 
added to silicon crystals to pro- 
vide excess electrons include 
phosphorus, arsenic, and anti- 
mony. When these elements are 
introduced, the resulting material 
is called n-type because the excess 
free electrons have a negative 
charge. (It should be noted, how- 
ever, that the negative charge of 
the electrons is balanced by an 
equivalent positive charge in the 
center of the impurity atoms. 
Therefore, the net electrical 
charge of the semiconductor ma- 
terial is not changed.) 

A different effect is produced 
when an impurity atom having 
one less valence electron than the 
semiconductor atom is substituted 
in the lattice structure. Although 
all the valence electrons of the 
impurity atom form electron-pair 
bonds with electrons of neighbor- 
ing semiconductor atoms, one of 
the bonds in the lattice structure 
cannot be completed because the 
impurity atom lacks the final val- 
ence electron. As a result, a va- 
cancy or hole exists in the lattice, 
as shown in Fig. 4. An electron 
from an adjacent electron-pair 
bond may then absorb enough 
energy to break its bond and move 
through the lattice to fill the hole. 
As in the case of excess electrons, 
the presence of holes encourages 
the flow of electrons in the semi- 
conductor material; consequently, 
the conductivity is increased and 
the resistivity is reduced. 



6 



RCA Thyristor and Rectifier Manual 



ELECTRON — PAIR 
BONDS 



SEMICONDUCTOR 
ATOMS 




92CS- 21211 



Fig. 4 — Lattice structure of p-type 
material. 

The vacancy or hole in the 
crystal structure is considered to 
have a positive electrical charge 
because it represents the absence 
of an electron. (Again, however, 
the net charge of the crystal 
is unchanged.) Semiconductor 
material which contains these 
holes or positive charges is called 
p-type material. P-type materials 
are formed by the addition of 
boron, aluminum, gallium, or 
indium. 

Although the difference in the 
chemical composition of n-type 
and p-type materials is slight, 
the differences in the electrical 
characteristics of the two types 
are substantial, and are very im- 
portant in the operation of solid- 
state devices. 

P-N JUNCTIONS 

When n-type and p-type ma- 
terials are joined together, as 
shown in Fig. 5, an unusual but 
very important phenomenon oc- 
curs at the interface where the 
two materials meet (called the 
p-n junction). An interaction 



takes place between the two 
types of material at the junction 
as a result of the holes in one 
material and the excess electrons 
in the other. 

When a p-n junction is formed, 
some of the free electrons from 
the n-type material diffuse across 
the junction and recombine with 
holes in the lattice structure of 
the p-type material; similarly, 
some of the holes in the p-type 
material diffuse across the junc- 
tion and recombine with free 
electrons in the lattice structure 
of the n-type material. This inter- 
action or diffusion is brought 
into equilibrium by a small 
space-charge region (sometimes 
called the transition region or 
depletion layer). The p-type ma- 
terial thus acquires a light nega- 
tive charge and the n-type ma- 
terial acquires a slight positive 
charge. 
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Fig. 5 — Interaction of holes and 
electrons at p-n junction. 



Thermal energy causes charge 
carriers (electrons and holes) to 
diffuse from one side of the p-n 
junction to the other side; this 
flow of charge carriers is called 
diffusion current. As a result of 
the diffusion process, however, a 
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potential gradient builds up 
across the space-charge region. 
This potential gradient can be 
represented, as shown in Fig. 6, 
by an imaginary battery con- 
nected across the p-n junction. 
(The battery symbol is used 
merely to illustrate internal ef- 
fects; the potential it represents 
is not directly measurable.) The 
potential gradient causes a flow 
of charge carriers, referred to as 
drift current, in the opposite di- 
rection to the diffusion current. 

JUNCTION 



l hM imaginary 
- 4- space- charge 
equivalent 

BATTERY 

92CS-2I2I3 

Fig. 6 — Potential gradient across space- 
charge region. 

Under equilibrium conditions, the 
diffusion current is exactly bal- 
anced by the drift current so that 
the net current across the p-n 
junction is zero. In other words, 
when no external current or volt- 
age is applied to the p-n junction, 
the potential gradient forms an 
energy barrier that prevents fur- 
ther diffusion of charge carriers 
across the junction. In effect, elec- 
trons from the n-type material 
that tend to diffuse across the 
junction are repelled by the slight 
negative charge induced in the 
p-type material by the potential 
gradient, and holes from the p- 
type material are repelled by the 
slight positive charge induced in 



the n-type material. The potential 
gradient (or energy barrier, as it 
is sometimes called), therefore, 
prevents total interaction between 
the two types of materials, and 
thus preserves the differences in 
their characteristics. 



Current Flow 

When an external battery is 
connected across a p-n junction, 
the amount of current flow is de- 
termined by the polarity of the 
applied voltage and its effect on 
th space-charge region. In Fig. 
7(a), the positive terminal of 
the battery is connected to the 
n-type material and the negative 
terminal to the p-type material. 
In this arrangement, the free 
electrons in the n-type material 
are attracted toward the positive 
terminal of the battery and away 
from the junction. At the same 
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Fig. 7 — Electron current flow in biased 
p-n junctions. 



8 



RCA Thyristor and Rectifier Manual 



time, holes from the p-type ma- 
terial are attracted toward the 
negative terminal of the battery 
and away from the junction. As a 
result, the space-charge region at 
the junction becomes effectively 
wider, and the potential gradient 
increases until it approaches the 
potential of the external battery. 
Current flow is then extremely 
small because the space-charge 
region is essentially devoid of 
free charge carriers and, there- 
fore, acts as an insulator. Con- 
sequently, almost all the applied 
voltage is dropped across the 
space-charge region, and a neg- 
ligible voltage difference (electric 
field) exists across either the p- 
type or the n-type region. Under 
these conditions, the p-n junction 
is said to be reverse-biased. 

In Fig. 7(b), the positive 
terminal of the external battery 
is connected to the p-type material 
and the negative terminal to the 
n-type material. In this arrange- 
ment, electrons in the p-type ma- 
terial near the positive terminal 
of the battery break their electron- 
pair bonds and enter the battery, 
creating new holes. At the same 
time, electrons from the negative 
terminal of the battery enter the 
n-type material and diffuse toward 
the junction. As a result, the 
space-charge region becomes ef- 
fectively narrower, and the energy 
barrier decreases to an insignifi- 
cant value. Excess electrons from 
the n-type material can then pene- 
trate the space-charge region, flow 
across the junction, and move 
by way of the holes in the p-type 
material toward the positive ter- 
minal of the battery. This electron 



flow continues as long as the ex- 
ternal voltage is applied. Under 
these conditions, the junction is 
said to be forward-biased. 

Voltage-Current 
Characteristic 

The generalized voltage-current 
characteristic for a p-n junction in 
Fig. 8 shows both the reverse- 
bias and forward-bias regions. In 

the forward-bias region, current 
rises rapidly as the voltage is in- 
creased and is relatively high. Cur- 
rent in the reverse-bias region is 
usually much lower. Excessive 
voltage (bias) in either direction 
is avoided in normal applications 
because excessive currents and 
the resulting high temperatures 
may permanently damage the 
solid-state device. 
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Fig. 8 — Voltage-current characteristic for 
a p-n junction. 



Rectifier Diode 

The simplest type of solid-state 
junction device is the rectifier 
diode, which is represented by 
the symbol shown in Fig. 9(a). 
Structurally, the rectifier diode is 



General Physical Theory 



9 



n -TYPE 
MATERIAL 




CATHODE 



r \/\j 



ANODE 



(0) 



J I 



INPUT s\ 
SIGNAL (Qj) 



(b) 



LOAD 



92CS- 26676 



Fig. 9~{a) Schematic symbol for a solid- 
state diode; (b) simple diode rectifying 
circuit. 



basically a p-n junction similar to 
those shown in Fig. 7. The n-type 
material which serves as the neg- 
ative electrode is referred to as 
the cathode, and the p-type ma- 
terial which serves as the positive 
electrode is referred to as the 
anode. The arrow symbol used 
for the anode represents the di- 
rection of "conventional current 
flow" mentioned above; electron 
current flows in a direction op- 
posite to the arrow. 

Because the junction diode con- 
ducts current more easily in one 
direction than in the other, it is 
an effective rectifying device. If 
an ac signal is applied, as shown 
in Fig. 9(b), electron current flows 
freely during the positive half 
cycle, but little or no current 
flows during the negative half 
cycle. 

One of the most widely used 
types of solid-state diodes is the 
silicon rectifier. These devices 
are available in a wide range of 
current capabilities, ranging 



from tenths of an ampere to sev- 
eral hundred amperes, and are 
capable of operation at voltages 
as high as 1000 volts or more. 
Parallel and series arrangements 
of silicon rectifiers permit even 
further extension of current and 
voltage limits. 

Thyristor Structures 

If two p-type and two n-type 
semiconductor materials are ar- 
ranged in a series array that con- 
sists of alternate n-type and p- 
type layers, a device is produced 
which behaves as a conventional 
rectifier in the reverse direction 
and as a series combination of an 
electronic switch and a rectifier 
in the forward direction. Conduc- 
tion in the forward direction can 
then be controlled or "gated" by 
operation of the electronic switch. 
These devices, called thy ris tors, 
have control characteristics simi- 
lar to those of thyratron tubes; 
more specifically, they are solid- 
state switches whose bistable state 
depends on the regenerative feed- 
back associated with a p-n-p-n 
structure. Basically, this group 
includes any bistable solid-state 
device that has three or more junc- 
tions (i.e., four or more semi- 
conductor layers) and can be 
switched from a high-impedance 
(off) state to a low-impedance 
(on) state, and from a low- 
impedance state to a high- 
impedance state, within at least 
one quadrant of the principal 
voltage-current characteristic. 

There are several types of 
thyristors; these types differ pri- 
marily in the number of electrode 
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terminals and in the operating 
characteristics in the third (neg- 
ative) quadrant of the voltage- 
current characteristic, as shown 
in Table I. Reverse-blocking 
triode thyristors, commonly called 
silicon controlled rectifiers (SCR's), 
and bidirectional triode thyristors, 
referred to as triacs, are the 
most popular types. Fig. 10 shows 
the junction diagrams and schema- 
tic symbols for the SCR and the 
triac. 



Table I— Different Types 
of Thyristors 



No. of 
Terminals 



Third-Quadrant Operation 
Blocking 



Conducting Switching 

2 Reverse- Reverse- Bidirectional 
blocking conducting diode thyristor 
diode diode 

thyristor thyristor 

3 Reverse- Reverse- Bidirectional 
blocking conducting triode thyristor 
triode triode (triac) 
thyristor thyristor 

(SCR) 

Silicon Controlled Rectifiers — 

An SCR is a four-layer p-n-p-n 
device designed to provide bi- 
stable switching when operated 
in the forward-bias mode. As 
shown in Fig. 10(a), this device 
has three electrodes, referred to 
as the cathode, the anode, and 
the gate. For operation in the 
forward-bias mode, the anode 
potential must be positive with 
respect to the cathode. During 
normal operation, the SCR is 
turned on by application of a 
positive voltage to the gate elec- 
trode. The SCR then remains on, 
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Fig. 10 — Junction diagrams and sche- 
matic symbols for (a) SCR's and (b) triacs. 



even though the gate voltage is 
removed or made negative, until 
the anode-to-cathode voltage is 
reduced to a value below that 
required to sustain the regener- 
ative action necessary for forward 
conduction. Faster turn off can be 
achieved by reversal of the for- 
ward current flow. 

Gate Turn-off SCR's (GTO's)— 

In certain types of SCR's, inter- 
ruption of main-terminal current 
(turn-off) can be accomplished 
by application of a bias voltage 
to the gate that is the reverse 
of that required to turn on the 
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SCR so that it removes rather 
than injects charge carriers. These 
types, which are referred to as 
gate-turn-off SCR's (GTO's) em- 
ploy the same basic four-layer, 
three-junction regenerative semi- 
conductor structure and exhibit 
a pulse turn-on capability similar 
to that of conventional SCR's. 
GTO devices, however, differ 
from conventional SCR's in that 
they are designed to turn off 
with the application of a reverse 
bias to the gate electrode. 

Because the current-voltage 
characteristics of the GTO is signi- 
ficantly different from those of 
conventional SCR's a separate 
schematic symbol has been 
created for the GTO. Fig. 11 
shows this symbol. 

Qanode 




OCATHODE 

92CS-26595 

Fig. 11 — Schematic symbol for a gale- 
turn-off SCR. 

Triacs— A triac is an n-p-n-p-n 
device that is designed to provide 
bilateral switching characteristics 
for either polarity of applied vol- 
tage. This device as shown in Fig. 
10(b), also has three electrodes, 
which are referred to as main 
terminal No. 1, main terminal No. 
2, and the gate. The gate is 
specially designed so that either a 
positive or a negative gate voltage 
can trigger the triac into conduc- 
tion for either polarity of the vol- 



tage across the main terminals. As 
with conventional SCR's, how- 
ever, once the triac is turned on, 
the gate has no further control. 
The device remains in the on state 
until the voltage across the main 
terminals is reduced below the 
value required to sustain conduc- 
tion. Unlike the SCR, the triac 
cannot be turned off by reversal 
of the polarity of the voltage across 
the main terminals. A rapid rever- 
sal of this voltage merely causes 
current to flow in the opposite 
direction. 

BASIC ENERGY 
RELATIONSHIPS 

The electrons in a solid occupy 
specific electron states. Each state 
is defined by a precise physical 
location and a specific energy 
level and, therefore, can be oc- 
cupied by only one electron at any 
given time. The solid contains 
only a finite number of electron 
states. Some of these states are 
occupied (full); others are empty. 
The Fermi energy level, E F , is 
the dividing line above which most 
of the existing electron states are 
empty and below which most 
states are full. Conduction in a 
solid occurs only by movement of 
free charge carriers, i.e., free 
electrons or free holes. A free 
electron is one at an energy level 
for which most of the existing 
states are empty. A free hole is 
an empty state at an energy level 
for which most of the existing 
states are filled. Free electrons 
exist, therefore, only at energy 
levels above E F , and free holes 
exist only at levels below E F . 
Because electrons and holes tend 
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to seek the lowest available energy 
levels, they both move toward E F , 
which is the zero energy level for 
both types of charge carriers. In 
relation to the Fermi level, there- 
fore, electrons always tend to 
"fall", and holes always tend to 
"rise". If the charge carriers were 
not affected by outside influences, 
all free electrons and holes would 
eventually reach the Fermi level 
and disappear. A distribution of 
electrons above the Fermi level is 
maintained, however, because the 
thermal energy of the lattice con- 
stantly agitates the electrons to 
non-zero energy levels. 

In the metal contact regions 
of a solid-state device, there is 
a continuous distribution of elec- 
trons about the Fermi energy level 
so that free holes and free elec- 
trons exist simultaneously side 
by side. In the semiconductor 
regions, there is a band of energy, 
called the forbidden-energy region, 
in which no electron states exist. 
As a free carrier tries to move 
through the system of metal to 
semiconductor to metal, it can 
move freely through the metal; 
when the carrier reaches the semi- 
conductor, however, it encounters 
an obstacle, the forbidden-energy 
region. The carrier must either 
go over or under this region de- 
pending upon whether it is a free 
electron or a free hole. The carrier 
must obtain sufficient energy so 
that it is displaced for enough 
from the Fermi level to go over 
or under the forbidden region. If 
sufficient energy, such as thermal 
agitation or an applied voltage, is 
not available, the carrier is re- 
flected back to its origin. 



In silicon crystal, the forbidden 
region is wide enough so that at 
ordinary temperatures, there is 
not sufficient thermal energy avail- 
able to distribute carriers both 
above and below the band. If the 
Fermi energy level is close to the 
top of the band, thermal energy 
is sufficient to lift electrons into 
states on top of the forbidden 
region, but is not sufficient to 
push holes into states below this 
region. As a result, the material 
contains many free electrons and 
is referred to as an n-type semi- 
conductor because it contains 
mostly negative-charge carriers. 

Similarly, a p-type region in the 
semiconductor, which contains 
mostly positive-charge carriers, 
results when the Fermi level is 
close to the bottom of the for- 
bidden band. For this condition, 
thermal energy is sufficient to 
excite holes into states below the 
band, but is not sufficient to ex- 
cite electrons into states above 
the band. 

The position of the Fermi level 
in the forbidden region is de- 
termined by the carrier concentra- 
tion. This concentration, in turn, 
is determined by both the dopant 
concentration and the concentra- 
tion of injected carriers. 

At the metal-to-semiconductor 
interfaces, the dopant concentra- 
tion is very high. At such inter- 
faces, the carrier concentration 
cannot be changed significantly 
by injected carriers, and the po- 
sition of the Fermi level in the 
forbidden region is firmly fixed. 
In the inner semiconductor re- 
gions and near the junctions, the 
dopant concentration is rela- 
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tively low so that the total car- 
rier concentration and, therefore, 
the position of the Fermi level 
in the forbidden region can be 
changed by injection of carriers 
from surrounding regions. These 
factors make the forbidden- 
energy region appear flexible 
within the body of the semi- 
conductor but rigid at the 
metal-to-semiconductor contacts. 
This rigidity of the potential hill 
at the contacts prevents electrons 
in the metal from entering the 
p-type semiconductor, but allows 
holes to circulate freely between 
the metal and the p-type region; 
similarly, electrons can circulate 
freely between metal and the n- 
type region but holes cannot cross 
the metal-to-n-type-semiconduc- 
tor interface. 

The basic relationships and 
energy states described in the 
preceding paragraphs define the 
behavior of a solid-state device 
in the equillibrium condition, i.e., 
with no external bias voltages ap- 
plied to the device terminals. The 
operation of silicon rectifiers and 
thyristors can be conveniently ex- 
plained by analyses of the po- 
tential-energy distribution across 
the devices for different biasing 
conditions. These basic equil- 
librium relationships, however, 
point out two basic factors that 
must be considered in potential- 
energy analyses of the operation 
of rectifiers and thyristors under 
both forward- and reverse-bias 
conditions, as follows: 

(1) The shape of the forbidden- 
energy region is rigid at the 
metal-to-semiconductor contact. 
The shape is determined by the 



doping level (or carrier concen- 
tration), which is extremely high 
at the contacts and cannot, there- 
fore, be changed by the carriers 
injected or removed by applied 
voltage or current. 

(2) The shape of the forbidden- 
energy region is flexible at the 
p-n junction because the carrier 
concentration at the junction is 
quite low and can be readily in- 
fluenced by addition or removal 
of carriers by means of an ap- 
plied bias. 

RECTIFIER POTENTIAL- 
ENERGY ANALYSIS 

In a silicon rectifier, the regions 
adjacent to the metal contacts are 
heavily doped, one with p-type 
dopant and the other with n-type 
dopant, to assure that nonrecti- 
fying ohmic contacts are formed 
at the silicon-to- metal interfaces. 
A rectifying junction should exist 
only within the silicon, at the 
interface of the n-type and p-type 
regions. A lightly doped n-type 
region between the heavily doped 
n- and p-type regions provides the 
high blocking-voltage capability 
required of the rectifier. Because 
of this lightly doped region, the 
more heavily doped n-type region 
adjacent to the metal contact is 
referred to as the n+ region. The 
silicon rectifier, therefore, is a 
p-n-n+ structure. 

The operation of a p-n-n+ junc- 
tion may be visualized in terms of 
the potential-energy diagrams 
shown in Fig. 12. In these dia- 
grams, the vertical scale repre- 
sents energy. An increase in elec- 
tron energy is indicated by the 
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Fig. 12 — Potential-hill diagrams for various stages of rectifier operation (upward 
direction indicates increasing electron energy; downward direction indicates increasing 

hole energy). 



upward direction from the Fermi 
energy level (E F line), and an 
increase in hole energy is indicated 
by the downward direction from 
this level. Electrons are always 
above the E F line and holes are 
always below this line, which 
represents the ground state or 
zero energy level for both types 
of carriers. Both electrons and 
holes tend to "fall" toward this 
level unless there is some source 
of energy to move them away 
from it. In the diagrams, free 



electrons are indicated by minus 
(-) signs and free holes by plus 
(+) signs. 

Fig. 12(a) shows the junction 
diagram for the basic p-n-n+ 
rectifier structure, and Fig. 12(b) 
shows the shape of the forbidden- 
energy region in the equilibrium 
condition. For this condition, the 
charge carriers do not have suf- 
ficient energy to overcome this 
potential barrier, except for the 
few electrons and holes that are 
normally displaced above and 
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below the Fermi level by the 
thermal energy from the silicon 
crystal. 

Reverse-Bias Conditions 

Under reverse-bias conditions, 
the potential energy of electrons 
is increased on the negatively 
biased side of the junction so that 
the energy at this end is higher, 
as shown in Fig. 12(c). Although 
the applied bias is such that it 
tends to push electrons from the 
metal into the p-type region and 
holes from the metal into the n- 
type region, no current flows be- 
cause the rigidity of the forbid- 
den-energy region at the contacts 
prevents such movements of the 
charge carriers. The applied vol- 
tage simply increases the height 
of the potential hill at the junc- 
tion because there are no carriers 
available to move in the direction 
that the field would cause them to 
move. On both sides, the carriers 
have an "uphill" climb to the 
junction. 

Forward-Bias Conditions 

The application of a positive 
voltage to the p t ype region and a 
negative volta^o to the n-type 
region raises the electrons to a 
higher poteru al energy on the n- 
type side . the junction, as 
shown in Fig. 12(d). Because the 
forbidden-energy region is flexible 
only at the junction, the applied 
bias causes the height of the built- 
in potential hili to be reduced, as 
shown in Fig. 12(d). As a result, 
many electrons now have suf- 
ficient thermal energy to get over 
the hill, and many holes have 



sufficient thermal energy to get 
under it. Because the height of the 
hill is equivalent to about one 
electron-volt, a forward bias of 
one volt is sufficient to allow 
electrons and holes to move unim- 
peded across the junction; the 
current is then limited only by the 
ohmic resistance of the external 
circuit. 

THYRISTOR POTENTIAL- 
ENERGY ANALYSIS 

The bistable action of a thy- 
ristor can be explained by analysis 
of the potential-energy conditions 
in the p-n-p-n structure of an 
SCR. This analysis can be directly 
related to each operating quadrant 
of a triac because, as will be ex- 
plained subsequently, a triac is 
essentially equivalent to two 
SCR's in an inverse parallel con- 
nection. The forward-blocking 
and forward-conducting states 
that occur in the forward-voltage 
(first) quadrant of an SCR are 
exhibited by a triac in both the 
first and third quadrants of the 
principal voltage-current charac- 
teristic, and the potential-energy 
conditions for the corresponding 
stable states and the transitions 
between them are identical in both 
types of devices. 

The electron-hole interactions 
that make possible the switching 
transitions in p-n-p-n semicon- 
ductor structures are represented 
graphically by the diagrams shown 
in Figs. 13, 14, and 15. These 
diagrams show the potential- 
energy conditions and the ap- 
proximate equivalent charge- 
carrier distributions for the var- 
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ious biasing conditions and 
switching states of a thyristor. 
In these diagrams, free electrons 
are represented by minus (-) signs 
and free holes by plus (+) signs. 

Forward-Blocking State 

The sequence of diagrams in 
Fig. 13 illustrates the transition 
of the thyristor from the equili- 
brium (zero-bias) condition to the 
forward- blocking state. In the 
equilibrium condition, the con- 
centration of charge carriers 
(electrons and holes) is deter- 
mined primarily by dopant con- 
centrations. For this condition, 
which is represented by the dia- 
gram shown in Fig. 13(b), there 
is approximately one free carrier 
for each dopant atom. 

When the cathode side of the 
thyristor is biased negatively with 
respect to the anode side, the po- 
tential energy of the electrons is 
increased in the cathode region 
and that of the holes is increased 
in the anode region. Because of 
the difference in energy level from 
cathode to anode, the shape of the 
forbidden-energy region is altered 
in the most lightly doped section 
(i.e., the n-type base) so that the 
height of the potential hill of the 
central junction is increased. As 
shown in Fig. 13(c), any electrons 
that exist in this region "fall 
down" the resultant hill, and any 
holes in this region "rise" to the 
top of the hill. In this way, all 
free charge carriers are removed, 
and the hill becomes a depletion 
region, as shown in Fig. 13(d). 

The movement of charge car- 
riers with an increase in the for- 



ward voltage results in a charging, 
or displacement, current similar 
to the current (i = Cdv/dt) that 
charges a capacitor. This dis- 
placement current ceases when 
the forward voltage reaches a 
steady value because there are 
no additional carriers for the 
field to move. Although there are 
many electrons available on the 
cathode side of the thyristor and 
many holes available on the anode 
side, these carriers cannot enter 
the depletion region because they 
do not have sufficient energy to 
"climb" the 0.8- to 1.0-volt po- 
tential hills at junctions Ji and 
J 3 . 

The current and voltage wave- 
forms during the transition from 
the equilibrium to the forward- 
blocking state are shown in Fig. 
13(e). 

Forward-Conducting State 

The transition in a thyristor 
from the forward-blocking state 
to the forward-conducting state 
is illustrated by the potential-hill 
diagrams shown in Fig. 14. When 
a thyristor is in the forward-block- 
ing state, shown in Fig. 14(b), 
application of a positive bias to 
the gate causes the potential en- 
ergy of electrons in this region 
to be reduced so that the height 
of the potential hill at junction 
Ji is decreased, as shown in Fig. 
14(c). A positive gate bias of 
0.8 to 1.0 volt reduces the bar- 
rier of Ji sufficiently so that elec- 
trons from the n-type emitter can 
move across the p-type base into 
the depletion region. The electric 
field then sweeps them across this 
region, as indicated in Fig. 14(c). 
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Fig. 13 — Potential-hill diagrams for various stages of thyristor transition from 
equilibrium condition to forward-blocking condition (electron energy increases upward, 
hole energy increases downward). 
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- 14 — Potential-hill diagrams and charge-carrier distribution for various stages 
of thyristor transition from forward-blocking state to forward-conducting state. 
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Electrons accumulate in the 
"well" at the bottom of the de- 
pletion region until their com- 
bined negative charge increases 
the potential electron energy suffi- 
ciently to cause the potential hill 
at junction J3 to disappear. Holes 
can then move from the p-type 
emitter across the n-type base into 
the depletion region. These holes 
then immediately "climb" the po- 
tential hill at J2, as shown in Fig. 
14(d). 

The increased supply of holes 
to the p-type base further de- 
presses the potential hill at Ji so 
that the n-type emitter can inject 
an even greater number of elec- 
trons into the depletion layer. 
This action, in turn, increases the 
injection of holes from the p-type 
emitter. As a result of these re- 
generative effects, the current 
through the thyristor increases 
rapidly, and the depletion region 
collapses to complete the transi- 
tion to the forward-conducting 
state. Fig. 14(e) illustrates this 
condition. In this state, the con- 
centrations of both holes and elec- 
trons are greatly increased over 
the equilibrium concentrations. 
The conductivities of the base 
regions are then determined by 
the concentration of injected car- 
riers rather than by the concen- 
tration of dopant atoms. 

A comparison of Fig. 14(e) with 
Fig. 12(d) shows that the forbid- 
den-energy region of a thyristor in 
the conducting state is essentially 
identical to that of a forward- 
biased rectifier. As a result, the 
forward voltage drops of the two 
types of devices are approxi- 
mately the same. The thyristor 



can be sustained in the forward- 
conducting state by an anode-to- 
cathode forward-voltage drop of 
approximately 1 volt, and the 
thyristor current, like that of the 
rectifier, is limited only by the 
impedance of the external circuit. 

The current and voltage wave- 
forms during the transition from 
the forward-blocking to the for- 
ward-conducting state are shown 
in Fig. 14(f). 

Turn-off 

The transition in the thyristor 
from the forward-conducting state 
back to the forward-blocking 
state is illustrated in Fig. 15. This 
transition is accomplished either 
by momentary reduction of the 
anode current to zero, or (SCR's 
only) by momentary reversal of 
the anode-to-cathode voltage. 

In the conducting state, carrier 
concentrations far in excess of the 
equilibrium level are injected into 
the n- and p-type regions. These 
excess carriers remain for a finite 
time after the anode current is 
reduced to zero. If the forward 
bias is re-applied before these ex- 
cess carriers are removed, the 
device simply returns to the con- 
ducting state and does not switch 
to the blocking condition. After 
the excess carriers are removed 
and the device is returned to 
equilibrium, the potential hills re- 
build, and the device can return 
to the forward-blocking state, as 
shown in Fig. 13. 

The removal of excess carriers 
can be accomplished if the anode 
current is reduced to zero until 
the excess carriers recombine or 
move out of the depletion region. 
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Fig. 15 — Potential-hill diagrams for various stages of thyristor transition from forward- 
conducting state to turn-off 
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This removal corresponds to a di- 
rect transition from the conditions 
shown in Fig. 15(c) to those 
shown in Fig. 15(g) or 13(b). The 
potential hill at junction Ji re- 
builds first because it is in the 
more heavily doped region of the 
device, but the hills at J2 and J3 
also rebuild as the excess carriers 
disappear during the zero-anode- 
current condition. 

For SCR's, a more rapid re- 
moval of the excess carriers can 
be accomplished by a momentary 
reversal of the anode-to-cathode 
voltage. This transition is shown 
in Figs. 15(d) through 15(f). As 
the reverse voltage increases, car- 
riers are pulled out of the device 
in the direction opposite to that in 
which they were injected so that a 
substantial reverse current 
results. 

The removal of carriers is aided 
as a potential hill and a depletion 



region begin to build at junction 
J3, as shown in Fig. 15(d). As the 
remaining quantity of excess car- 
riers is reduced, the reverse cur- 
rent decreases, and reverse vol- 
tage builds up. At the stage shown 
in Fig. 15(e), the reverse deple- 
tion region has built up, but the 
undepleted n-type base region still 
contains some excess carriers 
which prevent the potential hill at 
J2 from rebuilding, and which con- 
tinue to flow out as reverse cur- 
rent. At the stage shown in Fig. 
15(f), the excess carriers have all 
been removed, and device has 
reached its steady-state reverse- 
blocking condition. In Fig. 15(g), 
the reverse bias has been re- 
moved, all regions return to the 
equilibrium zero-bias carrier con- 
centrations, and the device is 
ready for return to the forward- 
blocking condition. 

Fig. 16 shows the current and 
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voltage waveforms that corres- 
pond to the various conditions 
described in Figs. 13, 14, and 15. 



Gate-Controlled Turn-off 

Fig. 17 shows the sequence of 
actions in the gate-controlled 



GATE 



CATHODE 




V" 


J I 




1 


i ! 


1 ! p 


I 1 


I 1 

: — i — 


V 1 


' ! 






^— t— 

: 1 
1 

* 


I 
i 
i 

t 


t 


• 1 
1 
1 

♦ 


1 
I 
1 

t 


1 
1 

1 

T 


i 
i 
i 

t 


P+ 

'/// / /// //////////////////// 



ANODE 

1. NEGATIVE BIAS APPLIED TO GATE- 

2. HOLES FROM ANODE ARE REMOVED THROUGH GATE. 

3. ELECTRON INJECTION STOPS IN AREA ADJACENT TO GATE 

4. GATE DRAWS HOLES FROM MORE REMOTE AREAS AS AREA 
CLOSER TO GATE IS DEPLETED OF CARRIERS 

GATE (a) 



////// A , 



CATHODE 


1/ ///////////////// / 



..... 



r 



' V : l 



I'-l 
f.t 



////////////////////////// / z 



ANODE 



5. CARRIER RECOMBINATION REDUCES PLASMA DENSITY 
IN NON-INJECTING AREAS- 

6. ELECTRON INJECTION STOPS OVER LARGER AND LARGER 
AREA OF n EMITTER 

7 HOLES FROM CONDUCTING AREA MUST TRAVEL LARGER 
AND LARGER LATERAL DISTANCE THROUGH p BASE TO 
REACH GATE CONTACT. 

8 ANODE CURRENT IS CROWDED INTO HIGH DENSITY 

Fl LAMENTS IN AREA MOST REMOTE FROM GATE CONTACT. 
THIS IS THE MOST CRITICAL PORTION OF THE GATE- 
TURN -OFF PROCESS BECAUSE RAPIDLY RISING LOCALIZED 
HIGH TEMPERATURE CAN DAMAGE CRYSTAL, UN LESS 
FILAMENTS ARE EXTINGUISHED RAPIDLY. FILAMENTS 
ARE EXTINGUISHED MORE RAPIDLY BY HIGHER GATE 
VOLTAGE, BUT MAXIMUM POSSIBLE VOLTAGE IS REVERSE 
GATE BREAKDOWN VOLTAGE. 



(b) 



92CM-25539 



Fig. 17-Gate-controlled turn-off in GTO devices. (Cont'd on page 23) 
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turn-off of GTO devices. Any 
SCR exhibits some gate-turn-off 
capability, but the maximum cur- 



rent that can be interrupted in this 
way in conventional SCR's is only 
slightly greater than the main- 
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Fig. 17-Gate-controlled turn-off in GTO devices. (Cont 'd from page 22) 
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terminal current at which the SCR 
will turn off of its own accord with 
zero gate bias and is well below 
the normal operating currents of 
the SCR. The main terminals in- 
ject such large quantities of charge 
carriers that the gate is unable to 
remove enough to significantly 
reduce the plasma density. Re- 
moval of carriers through the 
gate is limited by the internal 
resistance of the SCR and by the 
maximum voltage that the gate 
can withstand. In gate-turn-off 
SCR's, the gate structure must be 
designed to have a low resistance 
to the lateral flow of carriers 
within the device and a high re- 
verse breakdown voltage. 



THYRISTOR EQUIVALENT- 
MODEL ANALYSES 



In the preceding potential- 
energy analysis of the switching 
transitions that occur in SCR's 
and triacs, no mention was made 
of the function of the gate elec- 
trode. During normal operation of 
these tyristors, the off-state to 
on-state switching is initiated by 
application of a trigger voltage 
to the gate electrode. The fol- 
lowing equivalent-model analyses 
illustrate the role of the gate 
electrode in the operation of both 
SCR's and triacs. (These analyses 
assume that the reader has a basic 
knowledge of the operation of 
bipolar transistors. Readers that 
are not familiar with bipolar 
transistors should refer to the 
RCA Solid-State Designer's Hand- 
book, Technical Series SP-52; the 



RCA Transistor, Thyristor, and 
Diode Manual, Technical Series 
SC-16; RCA Power Transistors 

Manual, Technical Series PM-82, 
or any other text that provides 
basic information on the operation 
of these devices). 

Two-Transistor Analogy of an SCR 

As shown in Fig. 18, the basic 
p-n-p-n SCR structure is analo- 
gous to a pair of complementary 
n-p-n and p-n-p bipolar transis- 
tors. Fig. 17(a) shows the sche- 
matic symbols for an SCR and 
equivalent connection of the com- 
plementary pair of transistors, 
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Fig. 18-Two-transistor analogy of an 
SCR: (a) schematic symbols of an SCR 
and the equivalent two-transistor model: 
(b) structure of an SCR and of the equiv- 
alent two-transistor model. 
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and Fig. 17(b) shows the equiv- 
alent relationship of the p-n-p-n 
SCR structure and the intercon- 
nected transistor structures. The 
n-p-n and p-n-p transistors in the 
equivalent model are intercon- 
nected so that regenerative ac- 
tion occurs when a proper gating 
signal is applied to the base of 
the n-p-n transistor. 

When the two-transistor model 
is connected in a circuit to simu- 
late normal SCR operation, the 
emitter of the p-n-p transistor is 
returned to the positive terminal 
of a dc supply through a limiting 
resistor R2, and the emitter of 
the n-p-n transistor Q2 is re- 
turned to the negative terminal 
of the dc supply to provide a 
complete electrical path, as 
shown in Fig. 19. When the 
model is in the off state, the ini- 
tial value of principal-current 
flow is zero. If a positive pulse 
is then applied to the base of the 
n-p-n transistor, the transistor 
turns on and forces the collector 
(which is also the base of the 
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Fig. 19-Two-transistor model con- 
nected to show a complete electrical path. 



p-n-p transistor) to a low poten- 
tial; as a result, a current I a be- 
gins to flow. Because the p-n-p 
transistor Qi is then in the active 
state, its collector current flows 
into the base of the n-p-n tran- 
sistor (I cl = I b2 ) and sets up the 
conditions for regeneration. If 
the external gate drive is re- 
moved, the model remains in the 
on state as a result of the di- 
vision of currents associated with 
the two transistors, provided that 
sufficient principal current (IJ is 
available. 

Theoretically, the model shown 
in Fig. 18 remains in the on 
state until the principal current 
flow is reduced to zero. Actually, 
turn-off occurs at some value of 
current greater than zero. This 
effect can be explained by ob- 
servation of the division of cur- 
rents as the value of the limiting 
resistor is gradually increased. 
As the principal current is grad- 
ually reduced to the zero current 
level, the division of currents 
within the model can no longer 
sustain the required regenera- 
tion, and the model reverts to the 
blocking state. 

The two-transistor model illus- 
trates three features of thyristors: 

(1) a gate trigger current is re- 
quired to initiate regeneration, 

(2) a minimum principal current 
(referred to as "latching cur- 
rent") must be available to sus- 
tain regeneration, and (3) re- 
duction of principal -current flow 
results in turn-off at some 
level of current flow (referred 
to as "holding current") that is 
slightly greater than zero. 

Fig. 20 shows the effects of a 
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resistive termination at the base 
of the n-p-n transistor on the 
latching and holding currents. 
The collector current through 
the p-n-p transistor must be in- 
creased to supply both the base 
current for the n-p-n transistor 
and the shunt current through 
the terminating resistor. Because 
the principal-current flow must 
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Fig. 20-Two-transistor model of SCR 
with resistive termination of the n-p-n 
transistor base. 

be increased to supply this in- 
creased collector current, latch- 
ing- and holding current require- 
ments also increase. The use of 
the two-transistor model pro- 
vides a more concise meaning to 
the mechanics of thyristors. In 
thyristor fabrication, it is gen- 
erally good practice to use a low- 
beta p-n-p unit and to include 
internal resistance termination 
for the base of the n-p-n unit. 
Termination of the n-p-n pro- 
vides immunity from "false" 
(non-gated) turn-on, and the use 
of the low-beta p-n-p units per- 
mits a wider base region to be 
used to support the high voltage 



encountered in thyristor applica- 
tions. 

The two-transistor model of a 
conventional SCR, shown in Fig. 
19, can also be used to represent 
a gate-turn-off SCR. In the GTO, 
however, the internal resistance 
is reduced and a lower-beta 
input (n-p-n) unit with a high 
emitter-base breakdown capabil- 
ity is employed. These design 
changes are required to achieve 
effective gate turn-off control, 
but also result in a reduction in 
the high regenerative gain in- 
herent in conventional SCR's 
with an attendant effect on other 
device characteristics. 

Two-SCR Analogy of a Triac 

Functionally, a triac may be 
considered as two parallel SCR 
(p-n-p-n) structures oriented in 
opposite directions, as shown in 
Fig. 21. The same approach used 
to explain gating, latching, and 
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Fig. 2l-Diagram of a triac structure 
which shows that this device is basically 
two SCR structures in an inverse parallel 
arrangement. 
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holding currents in the SCR can 
be extended to include the two- 
SCR model of a triac. 

In triacs, the gate-trigger- 
pulse polarity is usually mea- 
sured with respect to main 
terminal No. 1, which is compar- 
able to the cathode terminal of 
an SCR. The t riac can be trig- 
gered by a gate-trigger pulse 
which is either positive or nega- 
tive with respect to main terminal 
No. 1 when main terminal No. 2 is 
either positive or negative with 
respect to main terminal No. 1. 
The triac, therefore, can be trig- 
gered in any of four operating 
modes, as summarized in Table 
II. The quadrant designations re- 
fer to the operating quadrant on 



Table II — Triac Triggering 
Modes 

Gate-to-Main- Main-Terminal-No. 2- Operating 
Terminal-No. 1 to-Main-Terminal-No. 1 Quadrant * 



Voltage Voltage 

Positive Positive I (+) 

Negative Positive I (-) 

Positive Negative III (+) 

Negative Negative III (-) 



♦Positive ( + ) and negative (-) signs indicate 
polarity of gate trigger pulse. 

the principal voltage-current char- 
acteristics (either I or III), and the 
polarity symbol represents the 
gate-to-main- terminal-No. 1 vol- 
tage. Fig. 22 shows the flow of 
current in a triac for each of the 
four triggering modes. 

The gate-trigger requirements 
of the triac are different in each 
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Fig. 22-Current flow in a triac for each triggering mode. 
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operating mode. The I (+) mode 
(gate positive with respect to 
main terminal No. 1 and main 
terminal No. 2 positive with re- 
spect to main terminal No. 1), 
which is comparable to equivalent 
SCR operation, is usually the 
most sensitive. The smallest gate 
current is required to trigger the 



triac in this mode. The other three 
operating modes require larger 
gate-trigger currents. For RCA 
triacs, the maximum trigger-cur- 
rent rating in the published data 
is the largest value of gate current 
that is required to trigger the se- 
lected device in any operating 
mode. 
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The maximum allowable power 
dissipation in a silicon rectifier or 
thyristor is limited by the temper- 
ature of the semiconductor pellet 
(i.e., the junction temperature). 
An important factor that assures 
that the junction temperature re- 
mains below the specified maxi- 
mum value is the ability of the 
associated thermal circuit to con- 
duct heat away from the device. 
For this reason, all solid-state 
power devices should be mounted 
on a good thermal base (usually 
copper), and means should be 
provided for the efficient trans- 
fer of heat from this base to the 
surrounding environment. 

When a silicon rectifier or thy- 
ristor is mounted in free air, with- 
out a heat sink, the steady-state 
thermal circuit is defined by the 
junction-to-free-air thermal 
resistance given in the published 
data on the device. Thermal con- 
siderations require that there be a 
free flow of air around the device 
and that the power dissipation be 
maintained below that which 
would cause the junction temper- 
ature to rise above the maxi- 
mum rating. When the device is 
mounted on a heat sink, however, 
care must be taken to assure that 



all portions of the thermal circuit 
are considered. 

Silicon rectifiers and thyristors 
may also be adversely affected by 
temperature variations that result 
from changes in power dissipa- 
tion during operation or in the 
temperature of the ambient en- 
vironment. Such temperature var- 
iations produce cyclic mechanical 
stresses at the interface of the 
semiconductor pellet and the cop- 
per base to which the pellet is 
attached because of the different 
thermal-expansion coefficients of 
these materials. These thermally 
induced cyclic stresses may even- 
tually lead to a wearout type of 
failure referred to as thermal fa- 
tigue. 

BASIC THERMAL SYSTEM 

When current flows through a 
solid-state device, power is dissi- 
pated in the semiconductor pellet 
that is equal to the product of the 
voltage across the junction and 
the current through it. As a re- 
sult, the temperature of the pellet 
increases. The amount of the in- 
crease in temperature depends on 
the power level and how fast the 
heat can flow away from the 
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junction through the device struc- 
ture to the case and the ambient 
atmosphere. The rate of heat 
removal depends primarily upon 
the thermal resistance and capac- 
itance of the materials involved. 
The temperature of the pellet 
rises until the rate of heat gen- 
erated by the power dissipation 
is equal to the rate of heat flow 
away from the junction; i.e., until 
thermal equilibrium has been 
established. 

Although silicon rectifiers and 
thyristors can operate at high 
temperatures, the actual pellet of 
silicon is quite small and has a 
very low thermal capacity. During 
normal operation, a silicon p-n 
junction dissipates approximately 
1 watt of power for each ampere 
of forward current. The tempera- 
ture of the junction rises rapidly 
during high-current operation. An 
increase in junction temperature 
beyond rated capabilities, as a 
result of either high currents or 
excessive ambient temperatures, 
may cause device failure, either 
directly because of irreversible 
material damage as a result of the 
high temperature or indirectly 
because of the effect of the in- 
creased temperature on the off- 
state blocking capability, as des- 
cribed later. The heat dissipated 
in the silicon pellet must be re- 
moved rapidly, therefore, so that 
the temperature of the junction is 
not allowed to rise above the safe 
operating value of 125°C. For this 
reason, the silicon pellet is 
mounted between heavy copper 
parts in a symmetrical direct- 
soldered arrangement that results 
in uniform distribution of thermal 



stresses, minimum thermal fluct- 
uations, and low thermal resist- 
ance. 

Fig. 23 shows cross-sectional 
diagrams of a typical high-current 
silicon rectifier (stud package) 
and thyristor (press-fit package). 
Because of the way in which these 
devices are constructed, there is 
always a thermal "drop" between 
the silicon pellet and the outside 
of the case. This thermal "drop", 
which is analogous to the voltage 
drop across the various com- 
ponents of an electrical circuit, 
is caused by the thermal imped- 
ances of the varous components 
of the internal rectifier or thy- 
ristor structure. These imped- 
ances include both thermal re- 
sistance and thermal capacitance. 
For example, in the stud-type 
package shown in Fig. 23(a) the 
lower side of the silicon pellet 
is soldered directly to a heavy 
copper stud that provides a low- 
thermal-resistance path between 
the pellet and the rectifier heat 
sink. The upper side of the pellet 
is soldered to a heavy copper 
block which, together with the 
stud, forms a thermal capacitor. 

Thermal resistance can be com- 
pared to electrical resistance. 
Just as electrical resistance is the 
extent to which a material resists 
the flow of electricity, thermal re- 
sistance is the extent to which a 
material resists the flow of heat. 
A material that has a low ther- 
mal resistance is said to be a 
good thermal conductor. In gen- 
eral, materials which are good 
electrical conductors are good 
thermal conductors, and vice 
versa. 
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Fig. 23-Cross-sectional diagrams of (a) a silicon rectifier mounted in a stud package 
and (b) a thyristor mounted in a press-fit package. 



The methods of rating solid- 
state power devices under steady- 
state conditions are indicated by 
the following definition of thermal 
resistance: The thermal re- 
sistance of a solid-state device is 
the ratio of the temperature drop 
to the heat generated through in- 
ternal power dissipation under 
steady-state conditions; the tem- 
perature drop is measured be- 
tween the region of heat genera- 
tion and some reference point. 

The over-all thermal resistance 
of an assembled device is usually 
expressed as the rise in junction 
temperature above the case tem- 
perature per unit of power dissi- 
pated in the device. This infor- 
mation, together with the maxi- 
mum junction-temperature rat- 
ing, enables the user to determine 
the maximum power level at 



which the device can be safety 
operated for a given case tem- 
perature. Subtraction of the case 
temperature from the maximum 
junction temperature indicates 
the allowable internal tempera- 
ture rise. If this value is divided 
by the specified thermal resist- 
ance of the device, the maximum 
allowable power dissipation is 
determined. 

It should be noted that thermal 
resistance is defined for steady- 
state conditions. If a uniform 
temperature over the entire semi- 
conductor junction is assumed, 
the power dissipation required to 
raise the junction temperature to 
a predetermined value, consistent 
with reliable operation, can be 
determined. Under conditions of 
intermittent or switching loads, 
however, such a design is un- 
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necessarily conservative and ex- 
pensive. For such conditions, the 
effect of thermal capacitance 
should also be considered. 

During long periods of steady- 
state operation, the thermal ca- 
pacitance becomes fully charged 
and does not affect the operation 
of the device. For this reason, 
thermal-capacitance values are 
not included in manufacturers' 
specifications on silicon rectifiers 
and thyristors. It is important, 
however, that the specifications 
include the thermal resistance, ex- 
pressed in °C per watt, because 
this value is used, together with 
the power dissipated by the de- 
vice, to determine the rise injunc- 
tion temperature above the case 
temperature. 

The thermal capacitance incor- 
porated into the device struc- 
ture becomes extremely important 
when the silicon pellet is sub- 
jected to sudden changes in cur- 
rent, such as may occur during a 
fault condition. This capacitance 
absorbs heat produced by high- 
current pulses and allows the 
heat to flow through the pellet 
and copper block (low-thermal- 
resistance path) during periods of 
low current. In this way, fluctua- 
tions in junction temperature are 
held to a minimum. 

THERMAL-STABILITY 
REQUIREMENTS 

As mentioned earlier, power is 
dissipated in the semiconductor 
material of a solid-state device in 
the form of heat. If the tempera- 
ture of the semiconductor mater- 
ial is allowed to exceed some 



critical limit, i.e., the maximum 
junction temperature, irreversible 
changes in the crystal structure or 
melting of the pellet may result. 
Maximum voltage, current, tem- 
perature, and dissipation ratings 
are established for all solid-state 
devices to assure that this critical 
temperature limit is not exceeded 
in even a very small portion of 
the semiconductor pellet. 

Excessive temperature even in 
a small isolated region of the pellet 
can lead to a regenerative action 
that causes the concentration of 
thermally generated charge car- 
riers to approach the impurity- 
carrier concentration. When the 
condition becomes extreme, de- 
vice voltage drops collapse to a 
very low value, and the current 
increases abruptly and is limited 
only by the voltage and imped- 
ance of the external circuit. This 
extreme condition is referred to 
as thermal runaway. 

Thermal runaway is a condition 
that can occur in any solid-state 
device because of the regenera- 
tive relationship between junction 
temperature T, and power dis- 
sipation P D . A rise in junction 
temperature causes a correspond- 
ing increase in power dissipation. 
The increase in power dissipation 
then causes a further rise in junc- 
tion temperature and thereby 
results in an additional increase 
in dissipation. At high junction 
temperatures, this regenerative 
action occurs at such a rapid rate 
that no point of stable operation 
can be achieved. The increased 
temperature that results during 
thermal runaway may or may not 
destroy a solid-state device de- 
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pending upon how far the regen- 
erative action is allowed to pro- 
ceed. In general, thermal runaway 
is not a cause of device failure 
because this condition can be 
avoided by selection of devices 
that have adequate ratings, care- 
ful control of maximum circuit 
voltages and currents, and use of 
recommended thermal mounting 
techniques. Figs. 24 through 27 
illustrate graphical techniques 
that can be used to define thermal- 
stability requirements in circuit 
applications of solid-state devices. 

Fig. 24(a) shows a basic therm- 
al-equilibrium curve that il- 
lustrates the linear relationship 
between junction temperature and 



power dissipation. The inverse 
slope of this linear curve defines 
the total steady-state thermal 
resistance from the semicon- 
ductor junction to the ambient 
atmosphere. If the junction-to- 
ambient thermal resistance R0j. A is 
low, the slope of the equilibrium 
curve is very steep, but becomes 
progressively less steep as the 
thermal resistance is increased. 
Fig. 24(b) shows a typical heat- 
dissipation curve for a solid-state 
device. This curve, which is inde- 
pendent of thermal resistance, in- 
dicates the device dissipation 
when the junction temperature is 
maintained at any specific value 
by some external means. The 
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Fig. 24-Power dissipation as a function of temperature: (a) thermal-equilibrium curve; 
(b) power dissipation curve. 
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basic curves shown in Fig. 24 
can be combined to obtain graphi- 
cal solutions to the thermal- 
stability problem. 

The equilibrium curve and the 
dissipation curve may be com- 
bined, as shown in Fig. 25, to 
determine a stable thermal oper- 
ating point for a solid-state 
device. The junction temperature 
and the power dissipation in a 
solid-state device define an oper- 
ating point that lies on the dis- 
sipation curve. This operating 
point tends to move toward a 
point of constant temperature 
on the thermal-equilibrium curve. 
If the junction temperature of the 
device is maintained below the 
value that corresponds to the 
upper intersection of the equil- 
ibrium and dissipation curves, a 
stable operating point is reached. 
The upper intersection of the 
equilibrium and dissipation curves 
defines the onset of thermal run- 



away. If the junction temperature 
exceeds the thermal-runaway 
value, the operating point still 
tries to move toward the equil- 
ibrium curve; however, the re- 
generative relationship between 
temperature and dissipation in 
this region causes both junction 
temperature and dissipation to 
increase at such a rapid rate that 
no upper equilibrium point can 
be reached. 

Thermal-equilibrium and 
power dissipation curves may 
also be combined to determine the 
absolute maximum ambient tem- 
perature T A in which it is per- 
missible to operate a solid-state 
device that has a specific thermal 
resistance Rft. A or to determine 
the absolute maximum thermal 
resistance for operation in a 
specified ambient temperature. 
These maximum values are deter- 
mined by the equilibrium curve 
that is tangent to the dissipation 
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Fig. 25-Equilibrium and dissipation curves plotted on same scale. 
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curve, as shown in Figs. 26 and 
27. The point of tangency defines 
the absolute maximum values. 
Any further increase in ambient 
temperature or junction-to- 
ambient thermal resistance would 
result in equilibrium curves that 
have no point of intersection with 
the dissipation curve. 
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Fig. 26-Graphical solution for maximum 
ambient temperature permissible for a 
fixed thermal resistance. 
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Fig. 27-Graphical solution for maximum 
thermal resistance permissible for a 
fixed ambient temperature. 

Theoretically, a curve of power 
dissipation P D as a function of 
junction temperature T, can be 
derived to describe the dissipa- 
tion curve. This equation can be 
determined from the circuit load 
line and the theoretical current- 



voltage/junction-temperature char- 
acteristics of a solid-state device. 
If such a dissipation equation can 
be obtained, the points of stable 
operation and of thermal runaway 
and the maximum permissible 
values for ambient temperature 
T A and junction-to-ambient 
thermal resistance R.0j. A can be 
determined analytically by simul- 
taneous solution of the dissipation 
equation with the equilibrium 
equation. In many cases, a math- 
ematical equation for the dissipa- 
tion curve is very difficult, or 
impossible, to obtain. In such 
instances, however, the require- 
ments for thermal stability can 
always be determined by appli- 
cation of graphical techniques to 
an empirical power-dissipation 
curve, as shown in Figs. 25 
through 27. 

THERMAL IMPEDANCE 

The temperature of the semi- 
conductor pellet (i.e., the junc- 
tion temperature T,) of a solid- 
state device is related to the tem- 
peratures of the various other 
elements surrounding it by math- 
ematical relationships similar to 
those that define the properties 
of an electrical circuit that con- 
tains resistance and capacitance. 
It is convenient, therefore, to de- 
scribe the thermal properties of 
a solid-state device in terms of 
thermal impedance, thermal re- 
sistance, and thermal capaci- 
tance. 

General Mathematical 
Relationships 

Fig. 28 shows a layer of ther- 
mally conductive material that 
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has a constant cross-sectional 
area A, a thickness d, and a ther- 
mal conductivity K. (The thermal 
conductivity K is a basic property 
of the material itself and is inde- 
pendent of geometry.) If the sur- 
face Si is maintained at a tem- 
perature Ti and the surface S2 is 
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Fig. 28-Diagram of a layer of thermally 
conductive material. 

maintained at a higher tempera- 
ture T2, a given quantity of heat 
Q flows through the layer in a 
time t. The rate of heat flow P 
through the layer is expressed by 
the following relationship: 

P = Q/t (1) 

The thermal conductance G x of 
the layer can be determined from 
the physical dimensions of the 
layer and the thermal conduc- 
tivity of the layer material, as fol- 
lows: 

G x = KA/d (2) 

The thermal resistance R# is the 
reciprocal of thermal conduct- 
ance G x and, therefore, is given 
by 

Rfl = d/KA (3) 

The thermal resistance of the 
layer can be measured experi- 
mentally by determination of the 



time rate of heat flow (P = Q/t) 
and the difference between the 
temperatures Ti and T2. The fol- 
lowing equation defines the ther- 
mal resistance, expressed in de- 
grees C per watt, in terms of 
these quantities: 

RO = (T2 - Ti)/P (4) 

The thermal capacitance C x of 
a given sample is equal to the 
product of the specific heat H of 
the material used in the sample 
and the mass M of the sample, 
as follows: 

C x = HM (5) 

Thermal capacitance may be de- 
fined as the quantity of heat ab- 
sorbed by a sample when its tem- 
perature rises 1°C. Therefore, if 
a given sample absorbs a quantity 
of heat Q when its temperature is 
increased from Ti to T2, the ther- 
mal capacitance of the sample, ex- 
pressed in watt-seconds per de- 
gree C, can be determined from 
the following equation: 

C x = Q/(T 2 - T,) (6) 

Although both thermal resist- 
ance and thermal capacitance 
vary with temperature, the varia- 
tion for most materials over the 
operating range of most solid- 
state devices is small enough so 
that it may usually be neglected in 
thermal calculations. 

Junction-to-Case Thermal 
Impedance 

The thermal properties of any 
solid-state power device may be 
represented by an electrical ana- 
log circuit, such as that shown in 
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Fig. 29, which consists of a cur- 
rent generator connected to a 
series of resistors that have ca- 
pacitance to ground distributed 
along their length. The power P 
dissipated within the crystal of 
a solid-state device results in a 
flow of heat outward from the 
crystal. This flow of heat (dis- 
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Fig. 29-Electrical analog circuit used 
to describe thermal properties of a solid- 
state device. 



sipated power P in calories per 
second or in watts) in a solid-state 
device is analogous to the flow 
of charge (electrical current I in 
coulombs per second or amperes) 
in such a circuit. Thermal resis- 
tances and thermal capacitances 
of the device are analogous to the 
electrical resistances and capaci- 
tances shown in the circuit. The 
potential difference or voltage 
between any two points in the 
electrical analog circuit is ana- 
logous to the temperature differ- 
ence between the corresponding 
two points of the device it repre- 
sents. Table III shows the rela- 
tionship between various electri- 
cal quantities and their corre- 
sponding thermal quantities. 

Thermal impedance Zy, like 
electrical impedance Z, is a com- 
plex variable because of the mtime 
dependence associated with the 
thermal capacitance C x . 

In the electrical or thermal- 



analog circuit shown in Fig. 29, 
the thermal resistances closest to 
the heat source are large because 
the cross section of the semicon- 
ductor pellet is small (all the 
heat generated flows through a 
small area). As shown in Eq. (3), 
thermal resistance varies in- 
versely with cross-sectional area. 
In general, thermal resistances 
become progressively smaller as 
distance from the semiconductor 
element increases. 

Table III — Comparison of 
Various Electrical Quantities and 
Corresponding Thermal 
Quantities 



Electrical 

Current generator 

Resistance R 
(ohms or volts/ 
ampere) 
Capacitance C 

(ampere-second/ 

volt) 
Potential 

difference V — V 2 

(volts) 
Potential above 

ground V — Vq 

(volts) 
Current I 

(amperes) 
Impedance Z 

(volts/ampere) 



Thermal 

Heat generator 

(semiconductor crystal) 
Thermal Resistance 
Rg (°C/watt) 

Thermal Capacitance 
(C T (watt-second/°C) 

Temperature 

difference 

T 1 — T 2 (°C) 
Temperature above 

ambient T — T A (°C) 

Power dissipation P 

(watts) 
Thermal impedance Z T 

rc/watt) 



Eq. (5) indicates that thermal 
capacitance varies directly with 
both mass and specific heat. 
Therefore, the small mass of the 
semiconductor element of a de- 
vice causes the thermal capaci- 
tance to be smallest at the heat 
source and to become progres- 
sively larger as distance from the 
heat source increases. The final 
thermal capacitance in the series 
must be considered as an infinite 
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capacitance, which electrically is 
the same as a direct short across 
the end of the line. 

In the electrical-analog circuit 
shown in Fig. 29, resistance can 
be determined by application of 
a steady known current I through 
the resistors and measurement of 
the voltage drop E across them. 
Thus, the resistances are given 
by 



R 2 = 



Vi 



I 



y 2 V 2 — V 3 
, K3 = 



I 



(7) 



In the analogous thermal cir- 
cuit, thermal resistance is meas- 
ured by application of a steady 
known amount of heat, or power 
P, through the resistors and 
measurement of the temperature 
difference (Ti — T2) across the 
thermal resistanceRg . Thermal re- 
sistances are then given by 



R0 2 = 



Ti— T2 



„ T2 — T3 (O) 

R03 = • • w 



In the electrical analog circuit, 
a steady current is essential for 
accurate measurement because 
any changes in current are ac- 
companied by charging or dis- 
charging of the capacitors, which 
causes an unknown value of cur- 
rent to flow through the resistors. 
Because the equation R = V/I is 
used to solve for resistance, both 
V and I must be known. 

Similarly, in the thermal cir- 
cuit, there must be a steady heat 
flow because any charging or dis- 
charging of the thermal capaci- 



tances produces an unknown var- 
iation in the value of P. For ex- 
ample, if the thermal resistance 
between the junction and the 
outer case of a thyristor or rec- 
tifier stud package is to be mea- 
sured, the arrangement shown in 
Fig. 30 might be used. The device 
is mounted on a suitable heat 
sink, and a steady current I is 
passed through it. At the same 
time, measurements are made of 
the voltage drop V across the 
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Fig. 30-Suitable arrangement for meas- 
uring the thermal resistance of a solid- 
state device. 

device, the temperature T, at the 
junction, and the temperature 
T c at the case. The power P dis- 
sipated as heat within the device, 
and hence the power that passes 
out through the thermal resist- 
ances, is given by P = IV (watts). 
The thermal resistance R^. c of the 
device is then given by 



(°C/watt) 



(9) 



Such a simple measurement of 
thermal resistance is applicable 
to measurement with a constant 
heat input only. If there is any 
change or fluctuation in heat-in- 
put rate, the change in tempera- 
ture difference lags behind the 
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change in heat input because 
some of the heat flows into or out 
of the thermal capacitances. 

If a step function of power is 
applied to the device (i.e., if the 
power input at time ti increases 
from P = to P = Pi), the tem- 
perature difference between junc- 
tion and case rises as shown in 
Fig. 31, and approaches tempera- 
ture Ti asymptotically. This tem- 
perature-rise curve is similar to 
the voltage-rise curve which 
would be obtained in the analo- 
gous resistance-capacitance elec- 
trical circuit. 



TIME 



TIME 92CS-2I235 

Fig. 31 -Temperature-rise curve obtained 
with step function of power. 



The exact shape of the curve 
depends upon the magnitudes of 
the thermal-resistance and ther- 
mal-capacitance components of 
the device. Fig. 32 shows a typi- 
cal thermal-response curve for a 
solid-state power device. This 
curve indicates that solid-state de- 
vices have multiple thermal time 
constants. 
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Fig. 32-Graphical representation of 
transient thermal response (i.e.. thermal- 
impedance) curve. 



Case-to-Ambient Thermal 
Resistance 

The thermal equivalent cir- 
cuits for a solid-state device dis- 
cussed in the preceding section 
considered only the thermal paths 
from junction to case. For de- 
vices, such as thyristors and sili- 
con rectifiers in which the silicon 
pellet is mounted directly on the 
header or pedestal, the total in- 
ternal thermal resistance from 
junction to case Rgj. c varies from 
50°C per watt to less than 1°C 
per watt. If the device is not 
mounted on a heat sink, the ther- 
mal resistance from case to am- 
bient air Rflc A is so large in com- 
parison to that from junction to 
case that the net over-all thermal 
resistance from junction to am- 
bient air is primarily the result 
of the Rflc-A term. Table IV lists 
values of case-to-air thermal re- 
sistance for popular thyristor 
JEDEC cases. Beyond the limit of 
a few hundred milliwatts, it be- 
comes impractical to increase the 
size of the case to make the R# C A 
term comparable to the Rft. c 
term. As a result, thyristors and 
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high-current rectifiers are de- 
signed for use on an external heat 
sink. 

Table IV — Case-to-Free-Air 
Thermal Resistance for 
Popular JEDEC Cases 



Case 

TO-5 
TO-8 
TO-66 
TO-3 



Rflc-A (°c/W) 

150 
75 
60 
30 



Case-to-Ambient Thermal 
Capacitance 

The thermal capacitance of the 
over-all package is also an im- 
portant factor in the thermal cir- 
cuit of a solid-state power device. 
The thermal capacitance of a 
package is calculated relatively 
easily. First, the material con- 
stituents of the package are de- 
termined. The thermal capaci- 
tances of these materials are then 
calculated and added together to 
obtain the thermal-capacitance 
value for the over-all package. 
For example, the RCA copper- 
button TO-3 thyristor package 
contains about 4 grams of copper 
and 12 grams of steel. The other 
constituents of this package have 
negligible thermal capacitance. 

The thermal capacitance of any 
material is equal to the product 
of its mass and specific heat. The 
calculations of the thermal ca- 
pacitances (C Cu and C s ) for the 
copper button and the steel case 
yield the following results: 



C s 



4 grams x 0.093 
0.37 cal per °C 
12 grams x 0.105 
1 .26 cal per °C 



The following summation then 
provides the total thermal ca- 
pacitance of the over-all package: 

Cpkg = C Cu x C s 

= 1.63 cal per °C 

Expressed in terms of watt-sec- 
onds per °C, this value becomes 

C pkg = 1.63 cal per °C x 4.18 
cal per joule 
= 6.8 joules per °C 
= 6.8 watt-seconds per °C 

The thermal resistance from 
case to the ambient air of the 
copper-button TO-3 package is 
approximately 20°C per watt. The 
thermal-cooling time constant for 
this package is then determined 
as follows: 

r 0c-a x C pkg = 30°C per watt x 6.8 
watt-seconds per °C 
= 204 seconds 

Similar calculations on other 
types of packages yield the fol- 
lowing values of thermal capaci- 
tances and thermal time con- 
stants: 



Package 

T0-5 

T0-66 (no button) 
T0-8 

T0-3 (Cu button) 



Thermal Thermal Time 
Capacitance Constant 
(Joules/ C) (Seconds) 



0.58 
2.56 
1.84 
6.8 



128 
110 
204 



These values can be used to cal- 
culate temperature effects of 
pulses on devices that are not 
mounted on heat sinks. The ther- 
mal time constants can be used to 
estimate how long units must be 
cooled between tests to avoid 
temperature changes. For exam- 
ple, the application of a 150-watt 
pulse for 1 second results in a 
temperature rise in the TO-3 



Thermal Considerations 



41 



package determined as follows: 

T rise = 150 watts/6.8 Joules/°C 
= 22°C 

The time required to cool the 
package to within 3°C of room 
temperature can be determined 
as follows: 

T = 22e _,/204 
3 = 22e- t/204 
In 3/22 = — 1/204 

t = 6. 1 minutes 

Effect of External Heat Sink 

In the preceding discussion, 
the sources of thermal resistance 
within silicon rectifiers and thy- 
ristors were explained, and the 
thermal properties of free-air- 
mounted devices were described. 
This section explains the use of 
heat sinks to increase the power- 
handling capability of these 
devices. 

The primary purpose of a heat 
sink is to increase the effective 
heat-dissipation area. The effect 
on the thermal equivalent circuit 
is shown in Fig. 33. From the 
electrical analog, the effective re- 
sistance of the two parallel 
thermal paths is smaller than 
that of either of the paths. The 
effect of the heat sink is to pro- 
vide an additional low-thermal- 
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Fig. 33-Thermal equivalent circuit for a 
thyristor or rectifier mounted on a heat 
sink . 



resistance path from case to am- 
bient air. The heat-sink thermal 
resistance actually consists of two 
series elements, the thermal re- 
sistance from case to heat sink 
that results from conduction 
(R0 C . S ) and the thermal resistance 
from heat sink to ambient air 
caused by convection and radia- 
tion (R0 S . A ). 

In practice, the case must be 
electrically isolated from the heat 
sink except for grounded-anode 
circuits. The thermal resistance 
from case to heat sink, therefore, 
includes two components. One 
component is caused by surface 
irregularities and can be mini- 
mized by use of silicone grease 
compounds; the other component 
is introduced by the electrical in- 
sulating washer required. The 
thermal capacitance of these two 
elements is very small and can be 
neglected. 

If the full power-handling capa- 
bility of a solid-state device, as 
determined by Rft. c , is to be 
realized, there should be no tem- 
perature differential between the 
case and ambient air. This condi- 
tion can occur only when the 
thermal resistance of the heat sink 
is zero, i.e., when the device 
is mounted on an infinite heat 
sink. Although an infinite heat 
sink can never be realized in 
practice, the greater the ratio 
R0j-c/R0c-a» the closer is the ap- 
proximation, and the nearer the 
maximum power limit defined by 
R0j_ c can be approached. When a 
silicon rectifier or thyristor is used 
with a heat sink, the heat loss by 
convection and radiation through 
the case is very small compared to 
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the loss through the heat sink. If 
Rflcase and C case are neglected, or 
at worst combined with R^ heat sink 
and C heat sink , the thermal equiv- 
alent circuit for the device can be 
represented as shown in Fig. 34. 
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Fig. 34-Simplified thermal equivalent 
circuit for a thyristor or rectifier mounted 
on a heat sink. 



all cases, this calculation should 
be experimentally verified. Ir- 
regularities on the bottom of the 



Table V — Comparison of Insu- 
lating Washers Used for Elec- 
trical Isolation of Thyristor 
TO-3 Case from Heat Sink 





Thickness 




Material 


(inches) 


fc/w 


Mica 


0.002 


0.4 


Anodized 






Aluminum 


0.016 


0.35 


Beryllia 


0.063 


0.25 



Effect of Heat-Sink Insulators 

As pointed out previously, 
when solid-state devices are to be 
mounted on heat sinks, some form 
of electrical isolation must be 
provided between the case and 
the heat sink. Unfortunately, 
however, good electrical insul- 
lators usually are also good ther- 
mal insulators. It is difficult, 
therefore, to provide electrical in- 
sulation without introduction of 
significant thermal resistance be- 
tween case and heat sink. The 
best materials for this application 
are mica, beryllium oxide (Beryl- 
lia) and anodized aluminum. A 
comparison of the properties of 
these three materials for case-to- 
heat-sink isolation of the TO-3 
package is shown in Table V. If 
the area of the seating plane, the 
thickness of the material, and the 
thermal conductivity are known, 
the case-to-heat-sink thermal 
resistance R # c . s can be readily 
calculated by use of Eq. (10). In 



device seating plane or on the 
face of the heat sink or insulating 
washer may result in contact over 
only a very small area unless a 
filling compound is used. Al- 
though silicone grease has been 
used for years, recently newer 
compounds with zinc oxide fillers 
(e.g., Dow Corning #340 or 
Wakefield #120) have been found 
to be even more effective. 

For a JEDEC TO-5 thyristor 
package, a good method for elec- 
trical isolation of the anode from 
a metal chassis or printed-circuit 
board is by means of a beryllium- 
oxide washer. The use of a zinc- 
oxide-filled silicone compound 
between the washer and the chas- 
sis, together with a moderate 
amount of pressure from the top 
of the thyristor, helps to decrease 
thermal resistance. Recommend- 
ed heat-sink mounting arrange- 
ments for RCA silicon rectifiers 
and thyristors are shown in the 
section on Packages, Handling, 
and Mounting. 
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SELECTION OF EXTERNAL 
HEAT SINKS 

Consideration of the thermal 
problems involved in the mount- 
ing of silicon rectifiers and thy- 
ristors is synonymous with con- 
sideration of the best heat sink 
for a particular application. A 
variety of heat-sink configurations 
and mounting arrangements that 
have resulted from these basic 
considerations are described in 
the section on Packages, Handling, 
and Mounting. In general, selec- 
tion of the optimum heat sink 
for a specific application depends 
upon an understanding of the 
basic mechanisms of heat trans- 
fer and the internal and external 
thermal impedances of the device 
to be mounted and adherence to 
some simple guidelines. 

Heat-Transfer Methods 

Heat may be transferred by 
three basic processes: conduc- 
tion, convection, and radiation. 
Each of these processes is used 
in the removal of heat from silicon 
rectifiers and thyristors. 

Conduction is a process of heat 
transfer in which heat energy is 
passed from one atom to the next, 
while the actual atoms involved in 
the transfer remain in their orig- 
inal positions. If a known amount 
of power flows through a mater- 
ial, the thermal resistance which 
may be attributed to conduction 
is determined by the following 
equation: 

R0co„d = d/4. 186 KA °C per watt 

(10) 



where d is the length of the ther- 
mal path in centimeters, K is the 
thermal conductivity in cal/(sec) 
(cm) (°C), A is the area perpendic- 
ular to the thermal path t in square 
centimeters, and the conversion 
factor 4.186 is given in (watt) 
(sec)/cal. This equation is merely 
another form of Eq. (3) in which 
the conversion factor is used to 
obtain the result in °C per watt. 

Convection is a term applied to 
the transfer of heat by the phys- 
ical motion of hot material. In 
forced convection, the medium of 
heat transfer is moved by a fan. 
In natural convection, the med- 
ium moves because of differences 
in density. Both forced and nat- 
ural convection are used for thy- 
ristor and rectifier cooling. The 
following equation defines the 
thermal resistance of vertical 
plates freely suspended in free 
air at ground level: 

R 0com = (2300/A) (L/T s — T amb >/< 

(ID 

where A is the total exposed area 
(twice the area of one side) in 
square centimeters, T s is the sur- 
face temperature of the heat sink 
in °C, \ mb is the ambient tempera- 
ture in °C, and L is the height of 
the heat sink in centimeters. 

The third process by which heat 
may be transferred is radiation. 
The rate of emission from a sur- 
face can be found from Stefan's 
law. In accordance with this law, 
the equation for radiation thermal 
resistance may be written as fol- 
lows: 



Rflrad 



1793 x 10" 
AE (T s 2 — T amb 2 ) 



(Ts — T amb ) 
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where A is the total exposed area 
in square centimeters, E is the 
emissivity (a function of the sur- 
face finish), T s is the surface tem- 
perature in °C, and is the 
ambient temperature in °C. 

Physical Criteria 

The sources of thermal resist- 
ance both internal and external 
to solid-state devices have been 
discussed, and the processes 
which may be used for heat re- 
moval have been explained brief- 
ly. Solid-state power devices are 
normally designed to be used 
with an external heat sink. 

Most practical heat sinks for 
thyristors and rectifiers used in 
modern, compact equipment are 
the result of experiments with 
heat transfer through convec- 
tion, radiation, and conduction 
in a given application. Although 
there are no set design formulas 
that provide exact heat-sink spec- 
ifications for a given application, 
there are a number of simple rules 
that reduce the time required to 
evolve the best design for the job. 
These simple rules are as follows: 

(1) The surface area of the heat 
sink should be as large as pos- 
sible to provide the greatest pos- 
sible heat transfer. The area of 
the surface is dictated by case- 
temperature requirements and the 
environment in which the device 
is to be placed. 

(2) The heat-sink surface should 
have an emissivity value near 
unity for optimum heat transfer 
by radiation. A value approach- 
ing unity can be obtained if the 
heat-sink surface is painted flat 
black. 



(3) The thermal conductivity of 
the heat-sink material should be 
such that excessive thermal gra- 
dients are not established across 
the heat sink. 

Although these rules are fol- 
lowed in conventional heat-sink 
systems, the size and cost of such 
systems often become restrictive 
in compact, mass-produced solid- 
state power circuits. The use of 
mass-produced prepunched parts, 
direct soldering, and batch- 
soldering techniques eliminates 
many of the difficulties associated 
with heat sinks by making pos- 
sible the use of a variety of 
simple, efficient, readily fabri- 
cated heat-sink configurations 
that can be easily incorporated 
into the mechanical design of 
equipment. Detailed recom- 
mendations on heat-sink mount- 
ing of RCA thyristors and rec- 
tifiers are given in the section on 
Packages, Handling, and Mount- 
ing. 

Types of Heat Sinks 

Heat sinks are produced in var- 
ious sizes, shapes, colors, and ma- 
terials; the manufacturer should 
be contacted for exact design 
data. It is convenient for discus- 
sion purposes to group heat sinks 
into three categories as shown 
below: 

1. Flat vertical-finned types are 
normally aluminum extrusions 
with or without an anodized 
black finish. They are unexcelled 
for natural convection cooling 
and provide reasonable thermal 
resistance at moderate air-flow 
rates for forced convection. 



aluminum with an anodized black 
finish. They are used when maxi- 
mum cooling in minimum lateral 
displacement is required, using 
natural convection. 

3. Cylindrical horizontal-finned 
types are normally fabricated 
from sheet-metal rings and have 
a painted black matte finish. They 
are used in confined spaces for 
maximum cooling in minimum 
displaced volume. 

It is also common practice to 
use the existing mechanical struc- 
ture or chassis as a heat sink. The 
design equations and curves for 
such heat sinks based upon con- 
vection and radiation are shown 
in Figs. 35, 36, and 37. 



vection and radiation is given An 
Fig. 38. This nomograph applies 
for natural bright finish on the 
copper or aluminum. The family 
of curves shown in Fig. 39 may 
also be used as a guide to the 
determination of the required 
heat-sink area. These curves ap- 
ply to square copper or aluminum 
heat sinks that have a dull finish. 



Performance Criteria 

The performance that may be 
expected from a commercial heat 
sink is normally specified by the 
manufacturer, and the informa- 
tion supplied in the design curves 
shown in Figs. 35, 36 and 37 pro- 
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Fig. 35-Convection thermal resistance as a function of temperature drop from the 
surface of the heat sink to free air for heat sinks of various heights. 
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Fig. 36-Radiation thermal resistance as a function of ambient temperature for various 
heat-sink surface temperatures. 



vides the basis for the design of 
flat vertical plates for use as heat 



z a 



o.i 







EMISSIVITY =0-01 




16-cm-HIGH VERTICAL PLATE 

T«iinir.iT ;97°P 












































-0,1 - 
























f 








































— 1.0 








ft 















































20 40 60 80 100 120 140 160 



T SURFACE - ° C 9ZCS-2I2S2 

Fig. 37-Ratio of radiation thermal re- 
sistance to convection thermal resistance 
as a function of heat-sink surface tempera- 
ture for various surface emissivities. 



sinks. In all cases, it must be re- 
membered that the heat is dissi- 
pated from the heat sink by both 
convection and radiation. Al- 
though surface area is important 
in the design of vertical-plate 
heat sinks, other factors such as 
surface and ambient tempera- 
tures, conductivity, emissivity, 
thickness, shape, and orientation 
must also be considered. An ex- 
cessive temperature gradient can 
be avoided and the conduction 
thermal resistance in the heat 
sink can be minimized by use of 
a high-conductivity material, 
such as copper or aluminum, for 
the heat sink. Radiation losses 
are increased by an increase in 
surface emissivity, as shown in 
Fig. 38. Best results are obtained 
when the heat sink has a black 
matte finish for which the emis- 
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sivity is at least 0.9. When free- 
air convection is used for heat re- 
moval, a vertically mounted heat 
sink provides a thermal resist- 
ance that is approximately 30 per 
cent lower than that obtained 
with horizontal mounting. 

In restricted areas, it may be 
necessary to use forced-convec- 
tion cooling to reduce the effec- 
tive thermal resistance of the heat 



sink. On the basis of the improved 
reliability of cooling fans, it can 
be shown that the over-all relia- 
bility of a system may actually be 
improved by use of forced-con- 
vection cooling because the num- 
ber of components required is 
reduced. 

Economic factors are also im- 
portant in the selection of heat 
sinks. It is often more economical 
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Instruction for use: Select the heat-sink area at left and draw a horizontal line across the 
chart from this value. Read the value of maximum thermal resistance depending on the 
thickness of the material, type of material, and mounting position. 

Fig. 38-Thermal resistance as a function of heat-sink dimensions. 
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to use one heat sink with several 
properly placed devices than to 
use individual heat sinks. It can 
be shown that the cooling effici- 
ency increases and the unit cost 
decreases under such conditions. 

Typical Examples 

The curves shown in Fig. 39 
are designed for use with the 
power-dissipation curves shown 



in the technical bulletins describ- 
ing the various RCA thyristors. 
These curves are conservative 
and can be used directly for thy- 
ristors having junction-to-case 
thermal-resistance ratings (Rft c ) of 
5°C per watt or less. The curves 
shown in Fig. 40 represent the 
power-dissipation characteristics 
of a typical thyristor. As an ex- 
ample of the use of Figs. 39 and 
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Fig. 39-Guide to heat-sink area determination. 
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Fig. 40-Typical thyristor power-dissipation curves. 



40, it is assumed that an appropri- 
ate heat sink must be found for 
a thyristor that is to conduct a 
current of 2 amperes, operate at 
an air temperature of 37°C, and be 
soldered to the heat sink at the 
base of the package. From Fig. 
40, the maximum power dissipa- 
tion in the thyristor is found to 
be 3 watts. Fig. 39 shows that the 
maximum allowable thermal re- 
sistance of the heat sink at this 
level of power dissipation is 15°C 
per watt, and that a square, dull, 
1/16-inch-thick copper or 1/8-inch- 
thick aluminum heat sink with an 
area of at least 1-3/4 by 1-1/4 
inches is 



The curves of Fig. 39 can also 
be used with thyristors that have 
junction-to-case thermal-resist- 
ance ratings greater than 5°C per 
watt. However, the difference be- 
tween the higher thermal-resist- 
ance value of the thyristor and 
the value of 5°C per watt upon 
which the curves are based must 
be subtracted from the thermal- 
resistance values shown in Fig. 
39. For example, if it is assumed 
that the conditions are the same as 
those stated previously except 
that the junction-to-case thermal 
resistance of the device is 13°C, 
per watt the difference in thermal- 
resistance values is 8°C per watt. 



50 



RCA Thyristor and Rectifier Manual 



The closest value of thermal re- 
sistance to 8°C per watt in Fig. 39 
is 7°C per watt; therefore, a 3- 
3/8-by-3-3/8-inch heat sink is re- 
quired. 

Commercial heat sinks are 
available for the thyristor pack- 
ages described; however, because 
the thyristor package is usually 
attached to the heat sink at the 
cap, the additional thermal resist- 
ance from the base of the package 
to the cap must be considered. 
Although this resistance can be as 
high as 8°C per watt, it can be 
neglected if it is only a small 
percentage of the over-all allow- 
able thermal resistance. It should 
be noted that most thyristor ther- 
mal-resistance ratings are based 
on temperature measurements 
taken at the base of the package. 
The case-temperature reference 
point specified in the manufac- 
turer's published data on the de- 
vice should be used when tem- 
perature measurements are made. 
A low-mass temperature probe or 
thermocouple equipped with wire 
leads no larger than AWG No. 26 
should be employed for systems 
with thermal-resistance values 
less than 50°C per watt. For sys- 
tems with thermal-resistance 
values greater than 50°C per watt, 
smaller wire (such as AWG No. 
36) is preferred. 

THERMAL-FATIGUE 
CONSIDERATIONS 

When a solid-state device is al- 
ternately heated and allowed to 
cool, cyclic mechanical stresses 
are produced within the device 
because of differences in the ther- 



mal expansion of the semiconduc- 
tor pellet and the metallic mater- 
ials to which the pellet is attached. 
The cyclic stresses may eventu- 
ally result in physical damage 
to the semiconductor pellet or 
the mounting interface. 

In silicon rectifiers and thy- 
ristors, a small silicon pellet is 
bonded to a copper header. The 
coefficient of thermal expansion 
for silicon (3 x 10 -6 ) is much 
less than that of copper (17.5 x 
10 -6 ). Temperature variations 
within these devices, therefore, 
result in cyclic stresses at the 
mounting interface of the silicon 
pellet and the copper header be- 
cause of the difference in the 
thermal expansions of these parts. 
If a hard solder, such as silicon 
gold, is used to bond the pellet 
to the header, these stresses are 
transmitted to the silicon pel- 
let. Such stresses often result in 
pellet fractures. In general, how- 
ever, lead-tin solder is used to 
bond the silicon pellet to the cop- 
per header. The cyclic thermal 
stresses then are absorbed by 
non-elastic deformation of the 
soft lead solder, and very little 
stress is transmitted to the pellet. 

The continuous flexing that re- 
sults from cyclic temperature 
changes may eventually cause fa- 
tigue failures in a conventional 
lead solder system. Such failures 
are a function of the amount of 
change in temperature at the 
mounting interface, the difference 
in the thermal-expansion coeffi- 
cients of the silicon pellet and the 
material to which the pellet is at- 
tached, and the maximum dimen- 
sions of the mounting interface. 
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Fatigue failures occur whenever 
the cyclic stresses damage the sol- 
der to the point at which the trans- 
fer of heat between the pellet and 
the surface to which it is mounted 
becomes impaired. This condi- 
tion, which is indicated by a sig- 
nificant rise in junction-to-case 
thermal resistance, may exist in 
only a small portion of the pellet. 
This portion, however, overheats, 
and device failure results be- 
cause of regenerative conditions 
that lead to thermal runaway. 



Thermal-fatigue failures are 
accelerated because of dislocation 
"pile-ups" that result from im- 
purities in the lead solder. RCA 
has developed a process that sub- 
stantially reduces the amount of 
impurities introduced into the 
solder. Use of this proprietary 
"Controlled Solder Process" 
makes it possible to avoid the 
microcracks that propagate to 
cause fatigue failures and, there- 
fore, greatly increases thermal- 
cycling capability. 
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The performance of any solid- 
state device is critically dependent 
upon the thermal capabilities of 
the device. This factor, together 
with the wide diversity of circuit 
layout requirements and eco- 
nomic considerations, has given 
rise to a large variety of thyristor 
and rectifier packages in many 
different configurations and a 
wide range of power-dissipation 
capabilities to meet the require- 
ments of the numerous types of 
applications in which these de- 
vices may be used. In selecting 
a thyristor or rectifier for a 
particular circuit, the designer 
should ascertain that the thermal 
capability of the package is ade- 
quate for the application and 
should observe mounting and 
handling recommendations and 
precautions to assure achieve- 
ment of the high degree of relia- 
bility and performance of which 
the device is capable. 

GENERAL CONSIDERATIONS 

The small size of most solid- 
state devices offers obvious ad- 
vantages to the designers of 



electronic equipment. Designers 
should realize, however, that 
these compact devices usually 
provide only a relatively small 
insulation area between adjacent 
leads and the metal envelope. 
When solid-state devices are 
used in moist or contaminated 
atmospheres, therefore, supple- 
mental protection must be pro- 
vided to prevent development of 
electrically conductive paths 
across the relatively small in- 
sulating surfaces. Specific in- 
formation on "voltage creepage" 
is given in references such as 
JEDEC Standard No. 7, "Sug- 
gested Standard on Thyristors," 
and JEDEC Standard No. RS282, 
"Standards for Silicon Rectifier 
Diodes and Stacks." 

The metal shells of some recti- 
fiers and of most thyristors oper- 
ate at the anode voltage. Consid- 
eration should be given, therefore, 
to the possibility of shock hazard 
if the shells are to be operated 
at voltages appreciably above or 
below ground potential. In gen- 
eral, in any application in which 
devices are operated at high vol- 
tages, suitable precautionary 



vent direct contact with these 
devices. 

Devices should not be con- 
nected into or disconnected from 
circuits with the power on be- 
cause high transient voltages may 
cause permanent damage to 
them. 

Recommended Soldering Methods 

Some thyristor and rectifier 
packages have flexible leads; the 
leads of such packages are usually 
soldered to the circuit elements. 
In all soldering operations, some 
slack or expansion elbow should 
be provided in each lead to pre- 
vent excessive tension on the 
leads. Excessive heat should be 
avoided during the soldering oper- 
ation to prevent possible damage 
to the devices. Some of the heat 
can be absorbed if the flexible 
lead of the device is grasped be- 
tween the case and the soldering 
point with a pair of pliers. 

When dip soldering is employed 
in the connection of a thyristor 
or rectifier onto a printed-circuit 
board, the temperature of the 
solder should be limited to about 
225°C to 250°C for a maximum 
immersion period of 10 seconds. 
Moreover, the leads should not be 
dip-soldered too close to the 
package case. Fig. 41 shows the 



should not extend on a silicon- 
rectifier DO-1 package. 

Lead-Bending Techniques 

Flexible leads can be bent into 
almost any configuration to fit 
any mounting requirement. These 
leads, however, are not intended 
to take repeated bending; re- 
peated bending at the point at 
which the lead enters the case, in 
particular, should be avoided. Al- 
though the leads are not espec- 
ially brittle at this point, the 
sharp edge of the case results in 
an excessively small radius in a 
bend made at the case. Repeated 
bending with a small radius of 
curvature at a fixed point will 
eventually cause fatigue and 
breakage in any material. For this 
reason, right-angle bends should 
be made at least 0.20 inch from 
the case. This practice enables 
sharp bends to be avoided and 
permits sufficient electrical isola- 
tion to be maintained between 
lead connections and the device 
header. A safe bend can be as- 
sured if the lead is gripped with 
pliers close to the case and is then 
bent the required amount with the 
fingers, as shown in Fig. 42. When 
the leads of a number of devices 
are to be bent into a particular 



POINT A- 



1/2" - 




92CS- 26582 

fig. 41-Diagram showing areas beyond which dip-soldering should not extend. 
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configuration, it may be advan- 
tageous to use a lead-bending fix- 
ture to assure that all leads are 
bent to the same shape and in the 
correct place the first time so 
that no repeated bending of the 
leads is required. 

General Procedures for 
Heat-Sink Mounting 

When thyristors and rectifiers 
are operated at high power levels 
(at dissipations greater than the 
free-air rating), they should be 
mounted on heat sinks. Methods 
used to select the proper size and 
type of heat sink are discussed in 
the section on Thermal Considera- 
tions given earlier in this Manual. 

For most efficient heat trans- 
fer, the heat sink should be in 
intimate contact with at least one- 
half the device package. Thyristor 
and rectifier packages can be 
mounted on heat sinks mechani- 
cally or by use of glue or epoxy 
adhesives. If mechanical mounting 
is employed, silicone grease 
should be used between the de- 
vice package and the heat sink to 
eliminate surface voids, to prevent 
insulation build up because of 
oxidation, and to help conduct 



heat across the interface. The use 
of glues and epoxy adhesives for 
mounting provides good bonding, 
but also increases the thermal 
resistance at the interface. The 
rise in the interface thermal resist- 
ance can be minimized by use of 
an adhesive material that has a low 
thermal resistance, such as Hysol 
Epoxy Patch Material No. 6C or 
Wakefield Delta Bond No. 152.* 

Some packages, such as the 
TO-5 types can be attached to the 
heat sink by soldering. This meth- 
od is low in cost and results in a 
permanent bond in which the inter- 
face thermal resistance can easily 
be maintained below 1°C per watt 
under normal soldering conditions. 
Typical mounting arrangements 
for TO-5 thyristor packages are 
shown in the subsequent discus- 
sion on Flexible-Lead (TO-5 Style) 
Thyristor Packages. 

Low-cost mounting of thyristor 
and rectifier packages to heat sinks 
can be accomplished by oven or 
hot-plate batch-soldering techni- 
ques. The use of a "self -jigging" 
arrangement of the device and the 



'Products of Hysol Corporation, Olean, New 
York, and Wakefield Engineering, Inc. Wakefield, 
Massachusetts, respectively. 
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heat sink and a 60-40 solder pre- 
form are recommended for batch- 
soldering operations. If each unit 
is soldered individually with a 
flame or electric soldering iron, 
the heat source should be held on 
the heat sink, and the solder should 
be applied to the unit. Heat should 
be applied only long enough to 
permit the solder to flow freely. 
For packages adaptable to solder- 
ing, the body is tin-plated, and 
maximum solder-wetting is easily 
obtained without over-heating the 
devices. 



JEDEC DO-1 package shown in 
Fig. 44. Fig. 45 shows two meth- 
ods that may be used for mechan- 
ical attachment of this type of 
package to a heat sink. Rectifiers 



Modified 
TO-1 (2-lead) 



LOW- AND MEDIUM-POWER 
RECTIFIER PACKAGES 

The maximum forward-current 
ratings for low-current RCA sili- 
con rectifiers supplied in axial- 
lead packages apply specifically 
for operation in free air (natural 
convection cooling) with specified 
temperatures at the attachment 
point on the lead. The average 
(dc) forward-current and the peak 
recurrent-forward-current capa- 
bilities of these rectifiers are 
increased by use of short lead 
lengths to the soldering point. The 
small power dissipation in these 
rectifiers do not generally cause 
a substantial increase in the tem- 
perature at the mounting point. 

RCA low-current packages in- 
clude the two-lead and axial-lead 
versions of the JEDEC TO-1 pack- 
age and the axial-lead JEDEC 
DO-26 and the DO- 15 (molded 
plastic version of the DO-26) pack- 
ages shown in Fig. 43. RCA axial- 
lead rectifiers intended for higher 
currents (up to 2 amperes) are 
supplied in the flanged-case, 



Modified 

TO-1 (Axial-Lead) 



t 



II 



JEDEC DO-15 



DO-26 



Fig. 43-Pack.ages for RCA low-power 
silicon rectifiers. 
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Fig 44-Flanged-case axial-lead JEDEC 
DO-l package used for RCA medium- 
power silicon rectifiers. 



RECTIFIER 




RECTIFIER 



\ HEAT SINK 
SILICONE 
GREASE 



TINNERMAN 
SPEED CLIP* 
OR 

EQUIVALENT 




SILICONE 
GREASE u 



92CS- 21267 



Fig. 45— Suggested methods for attach- 
ment of JEDEC DO-l flanged-case axial- 
lead rectifier packages to heat sinks. 



intended for use at currents from 
6 to 40 amperes are supplied in 
DO-4 or DO-5 stud packages. 
Recommended mounting arrange- 
ments for rectifier and thyristor 
stud packages are described later 
in this section. 

FLEXIBLE-LEAD (TO-5-STYLE) 
THYRISTOR PACKAGES 

Fig. 46 shows flexible-lead pack- 
ages used for RCA thyristors. This 
group includes the basic JEDEC 
TO-5 package and low-profile 
modifications of this basic pack- 
ages. 

Thyristors should be mounted 
on heat sinks when they are oper- 
ated at high power levels. An ef- 
ficient heat-sink method for thy- 
ristor in JEDEC TO-5 and modi- 
fied TO-5 packages is to provide 
intimate contact between the heat 
sink and at least one-half of the 
base of the device opposite the 
leads. TO-5 packages can be 
mounted to the heat sink mechan- 
ically, with glue or an epoxy ad- 
hesive; soldering, however, is 
preferable for thyristors. Not only 
is the solder bond both permanent 
and most efficient, but the thermal 
resistance R g c . s from the case to 
the heat sink is easily kept below 
1°C per watt under normal solder- 
ing conditions. Oven or hot-plate 
batch-soldering techniques are 
recommended because of their low 
cost. 

FLANGED-CASE THYRISTOR 
PACKAGES 

The mounting flanges of thy- 
ristor packages such as the JEDEC 
TO-3 and TO-66 serve as the anode 
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Modified 
TO-5 




Low Profile 
Mod. TO-5 
(3-lead) 



Fig. 46-TO-5-style thyristor packages. 



Low Profile 
Mod. TO-5 
(2-lead) 



terminal. In such cases, the mount- 
ing flange must be securely fast- 
ened to the heat sink, which may 
be the equipment chassis. Under 
no circumstances, however, 
should the mounting flange be 
soldered directly to the heat sink 
or chassis because the heat of 
the soldering operation may cause 
permanent damage to the device. 

Fig. 47 shows photographs of 
the JEDEC TO-3, TO-8 and TO-66 
thyristor packages. These pack- 



away from the seal; otherwise, the 
heat from the soldering operation 
may crack the pin seals and there- 
by cause permanent damage to the 
device. 

During operation, the mount- 
ing-flange temperature is higher 
than the ambient temperature by 
an amount which depends on the 
heat sink used. The heat sink 
must provide sufficient thermal 
conduction to the ambient envi- 
ronment to assure that the tem- 



TO-3 



TO-8 



TO-66 




Fig. 47-RCA Jlanged-case thyristor packages. 



ages can be installed in commer- 
cially available sockets. Electrical 
connections may also be made by 
soldering directly to the therminal 
pins. The connections may be 
soldered to the pins close to the 
pin seals provided that care is 
taken to conduct excessive heat 



perature of the device mounting 
flange does not rise above the 
rated value. The heat sink or 
chassis may be connected to 
either the positive or negative 
supply. 

In many applications, the 
chassis is connected to the volt- 
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age-supply terminal. If the rec- 
ommended mounting hardware 
shown in the technical data for 
the specific thyristor is not avail- 
able, it is necessary to use either 
an anodized aluminum insulator 
having high thermal conductivity 
or a mica insulator between the 
mounting-flange and the chassis. 
If an insulating aluminum washer 
is required, it should be drilled 
or punched to provide the two 
mounting holes for the terminal 
pins. The burrs should then be 
removed from the washer and the 
washer anodized. To insure that 
the anodized insulating layer is 
not destroyed during mounting, 
it is necessary to remove the burrs 
from the holes in the chassis. 

It is also important that an in- 
sulating bushing, such as glass- 
filled nylon, be used between each 
mounting bolt and the chassis to 
prevent a short circuit. However, 
the insulating bushing should not 
exhibit shrinkage or softening 
under the operating temperatures 
encountered. Otherwise the ther- 
mal resistance at the interface 
between the package and the heat 
sink may increase as a result of 
decreasing pressure. 

Fig. 48 shows methods of 
mounting flanged packages. Zinc- 
oxide-filled silicone grease should 
be used between the device and 
the heat sink to eliminate surface 
voids and help conduct heat 
across the interface. Although 
glue or epoxy adhesive provides 
good bonding, a significant 
amount of thermal resistance 
may exist at the interface. As dis- 
cussed in the section on General 
Procedures for Heat-Sink Mount- 



ing, this interface resistance can 
be significantly reduced by use of 
an adhesive material with low 
thermal resistance. 

STUD PACKAGES 

Some high-power thyristors and 
rectifiers are supplied in stud-type 
packages. Fig. 49 shows the con- 
ventional stud packages and iso- 
lated-stud packages used for RCA 
thyristors and rectifiers. In con- 
ventional stud packages, the stud 
is directly connected to main term- 
inal No. 2 in triacs, to the anode 
in SCR's, and to the cathode in 
conventional forward-polarity or 
to the anode in reverse-polarity 
rectifiers. In isolated-stud pack- 
ages, the stud is isolated from the 
device electrodes by a ceramic 
insulator that permits these pack- 
ages to withstand a voltage dif- 
ference between the stud and the 
device electrodes that typically 
can be as high as 3000 volts. 
(WARNING: The RCA isolated- 
stud packages should be handled 
with care. The ceramic portions of 
these packages contain beryllium 
oxide as a major ingredient. Do not 
crush, grind, or abrade these por- 
tions of the devices because the 
dust resulting from such action 
may be hazardous if inhaled.) 

Connection of stud packages to 
the chassis or heat sink should be 
made at the flat surface of the 
package perpendicular to the 
threaded stud. A large mating 
surface should be provided to 
avoid hot spots and high thermal 
drop. The hole for the stud should 
be only as large as necessary for 
clearance and should contain no 
burrs or ridges on its perimeter. 
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TO -3 




TO-5 



2 SCREWS, 6-32 



495320 

MICA INSULATOR 



2 METAL WASHERS 
2 LOCK WASHERS 
2 HEX. NUTS 
1 SOLDER LUG 

2 HEX. NUTS 



495334-7 

2 NYLON INSULATING 

BUSHINGS 

I.D. -0.156 (4.00) 

SHOULDER DIA. = 0.250 

(6.40) MAX.. 

SHOULDER THICKNESS 
■0.050 (1.27) MAX. 




1 METAL WASHERS ^) 
2 LOCK WASHERS 
2 HEX. NUTS 



(0) 



TO-8 




TO-66 



2 SCREWS. 6-3! 



DF14A 

MICA INSULATOR 



495334-7 

2 NYLON INSULATING BUSHINGS 2 METAL WASHERS 



2 METAL WASHERS 



@ 

2 LOCK WASHERS 

2 HEX. NUTS ^j*^J 



I.D. =0.156 ( 4.00), 
SHOULDER DIA. = 
0.250 (6.35) MAX. 
SHOULDER THICKNESS = 
0.050 (1.27) MAX. 



2 LOCK WASHERS 



2 HEX. NUTS 



1 SOLDER LUG 
2 HEX. NUTS 



2 SCREWS. 4-*0 



DF63A 

MICA INSULATOR 



495334-8 

2 NYLON INSULATING BUSHINGS 
I.D. = 0.130 (3.30) 
SHOULDER DIA. " 0.218 (5.54) 
SHOULDER THICKNESS = 
0.050 (1.27) MAX. 



(b) 




2 SCREWS, 6-32 



DF31A 

MICA INSULATOR 



495334-7 

2-NYLON INSULATING BUSHINGS 
I.D. = 0.156 (4.00) 
SHOULDER DIA. = 
0.250 (6.40) MAX. 
SHOULDER THICKNESS = 
0.050 (1.27) MAX. 



(C) 



(d) 



Fig. 48-Methods of mounting flanged packages. 



As mentioned in the discussion of 
flanged packages, the use of a 
zinc-oxide-filled silicone grease 
between the device and the heat 
sink eliminates surface voids, 
prevents insulation buildup due 
to oxidation, and helps conduct 



heat across the interface. Care 
must be taken to avoid the ap- 
plication of too much torque lest 
the semiconductor junction be 
damaged. Maximum limitations 
are given in the technical data for 
the particular devices. 
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Isolated 
Stud 

(Overmold) 



Stud 



Stud 

(Overmold) 




Isolated 
Stud 




Stud 






(a) Thyristor Packages 



DO-4 



DO-5 




(b) Rectifier Packages 



Fig. 49Stud packages used for RCA 

Flexible, stranded wire should 
be used for all connections to the 
terminals that extend through the 
glass seals in stud packages. Ex- 
cessive torque on these terminals 
may damage the seals and cause 
a loss in package hermeticity, 
which leads to premature device 
failure. These terminals, there- 
fore, should not be bent under 
any circumstances. 



higher-power thyristors and rectifiers. 

Although the studs are made 
of relatively soft copper to pro- 
vide high thermal conductivity, 
the threads cannot be relied upon 
to provide a mating surface. The 
actual heat transfer must take 
place on the underside of the hex- 
agonal part of the package. Fig. 
50 shows suggested mounting ar- 
rangements of the higher-cur- 
rent-type stud packages. With 
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(a) Rectifier Stud Packages 





1/4 28 THREAD 



DF6B 

MICA INSULATOR 



HEAT SINK 
DF3H 

INSULATING BUSHING 
O.D. = 0.315(8.001 MAX. 
THICKNESS = 0.062 (1.531 MAX. 
DF6B 

MICA INSULATOR 

NR68A 

CONNECTOR 

NR110A- 

LOCK WASHER 

NA38B" 



HEX. NUT 92SS-4384R2 
' Only hardware required for solatedstud package. 

(b) Thyristor Stud and Isolated-Stud Packages 



Fig. 50Suggested mounting arrangements for RCA thyristors and rectifiers supplied 

in stud packages. 
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these mounting arrangements the 
thermal resistance from the case 
to the heat-sink surface can be 
maintained as low as O.TC per 
watt. 

PRESS-FIT PACKAGES 

Press-fit packages are used for 
some thyristors. Fig. 51 shows the 
press-fit type of RCA thyristor 
package. Press-fit mounting de- 
pends upon an interference fit 




Fig. 51-Press-flt package. 

between the thyristor case and the 
heat sink. As the thyristor is 
forced into the heat-sink hole, 
metal from the heat sink flows 
into the knurl voids of the thy- 
ristor case. The resulting close 
contact between the heat sink 
and thyristor case assures low- 
thermal resistances. 

The recommended mounting 
method shown in Fig. 52 shows 
press-fit knurl and heat-sink hole 
dimensions. If these dimensions 
are maintained, a "worst-case" 
condition of 0.0085-inch interfer- 
ence fit will allow press-fit inser- 
tion below the maximum allow- 
able insertion force of 800 
pounds. A slight chamfer in the 
heat-sink hole will help center 
and guide the press-fit package 
properly into the heat sink. The 



insertion tool should be a hollow 
shaft having an inner diameter 
of 0.380 ± 0.010 inch and an outer 
diameter of 0.500 inch. These di- 
mensions provide sufficient clear- 
ance for the leads and assure that 
no direct force is applied to the 
glass seal of the thyristor. 

As with the stud package, flex- 
ible, standard wire should be used 
for all connections to the term- 
inals that extend through the glass 
seals in press-fit packages. Ex- 
cessive torque on these terminals 
may damage the seals. Care must 
be taken, therefore, to assure that 
these terminals are not bent under 
any circumstances. 

The press-fit package is not re- 
stricted to a single mounting ar- 
rangement; direct soldering and 
the use of epoxy adhesives have 
been successfully employed. The 
press-fit case is tin-plated to fa- 
cilitate direct soldering to the 
heat sink. A 60-40 solder should 
be used, and heat should be ap- 
plied only long enough to allow 



800 LB. MAX. 




92CS-2I277 

Fig. 52^Re commended mounting method 
for press-fit packages. 



Packages, Handling, and Mounting 



63 



the solder to flow freely. Table 
VI shows how the case-to-heat- 
sink thermal resistance of a press- 
fit thyristor package can vary for 
different mounting arrangements. 
Some RCA press-fit and stud- 



type thyristor packages are also 
available with flexible leads, if 
desired. Fig. 53 shows the RCA 
80-ampere press-fit thyristor 
package with flexible leads at- 
tached. 



Table VI - Case-to-Heat-Sink Thermal Resistance of the RCA 80- 
Ampere Press-Fit and Stud Thyristor Packages. 



Type of Mounting Thermal 
Package Employed Resistance- C/W 

Press-fitted into heat sink. Minimum required 
thickness of heat sink = 0.25 in (6.35 mm) 0.4 

Soldered directly to heat sink. (60-40 solder 
which has a melting point of 188°C should 0.15 to 0.3 
be used. Heating time should be sufficient to 
cause solder to flow freely). 

Directly mounted on heat sink with or without 
the use of heat-sink compound. 0.2 to 0.4 



Press-Fit 



Stud 




VERSA WATT (MOLDED- 
PLASTIC) THYRISTOR 
PACKAGES 

RCA thyristors are also avail- 
able in the VERSAWATT type of 
molded-silicone-plastic packages. 
Thyristors supplied in these pack- 
ages are intended for medium- 
power applications. Fig. 54 shows 
the basic configuration for the 
RCA VERSAWATT thyristor 
packages. 

Lead-Forming Techniques 

RCA VERSAWATT plastic 
packages are both rugged and ver- 
satile within the confines of com- 
monly accepted standards for 
such devices. Although these 
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TO-220AB 



VERSA WATT 

Fig. 54-RCA VERSAWATT (molded-plastic) package for medium-power thyristors. 



versatile packages lend them- 
selves to numerous arrangements, 
provision of a wide variety of lead 
configurations to conform to the 
specific requirements of many 
different mounting arrangements 
is highly impractical. However, 
the leads of the VERSAWATT 
in-line package can be formed 
to a custom shape, provided that 
they are not indiscriminately 
twisted or bent. Although these 
leads can be formed, they are 
not flexible in the general sense, 
nor are they sufficiently rigid for 
unrestrained wire wrapping. 
When the leads of a VERSA- 
WATT package are to be formed, 
the recommend lead-bending tech- 
niques given earlier in this section 
should be followed. 

When the leads of an in-line 
plastic package are to be formed, 
whether by use of long-nosed 
pliers or a special bending fixture, 
the following precuations must be 
observed to avoid internal damage 
to the device: 

(1) Restrain the lead between 
the bending point and the plastic 
case to prevent relative movement 
between the lead and the case. 

(2) When the bend is made in 
the plane of the lead (spreading), 



bend only the narrow part of the 
lead. 

(3) When the bend is made in 
the plane perpendicular to that 
of the leads, make the bend at 
least Vs inch from the plastic case. 

(4) Do not use a lead-bend ra- 
dius of less than Vi6 inch. 

(5) Avoid repeated bending of 
leads. 

The leads of the TO-220AB 
VERSAWATT in-line package 
are not designed to withstand 
excessive axial pull. Force in this 
direction greater than 4 pounds 
may result in permanent damage 
to the device. If the mounting 
arrangement tends to impose 
axial stress on the leads, some 
method of strain relief should be 
devised. 

Wire wrapping of the leads is 
permissible, provided that the 
lead is restrained between the 
plastic case and the point of the 
wrapping. Soldering to the leads 
is also allowed; the maximum 
soldering temperature, however, 
must not exceed 275°C and must 
be applied for not more than 5 
seconds at a distance greater than 
Vs inch from the plastic case. 
When wires are used for connec- 
tions, care should be exercised to 
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assure that movement of the wire 
does not cause movement of the 
lead at the lead-to-plastic junc- 
tions. 

Mounting 

Fig. 55 shows recommended 
mounting arrangements and sug- 
gested hardware for the VER- 
SA WATT thyristors. The rec- 
tangular washer (NR231A) shown 
in Fig. 55(a) is designed to mini- 
mize distortion of the mounting 
flange when the thyristor is fast- 
ened to a heat sink. Excessive 
distortion of the flange could 
cause damage to the thyristor. 
The washer is particularly im- 
portant when the size of the 
mounting hole exceeds 0.140 inch 
(6-32 clearance). Larger holes are 
needed to accommodate insu- 
lating bushings; however, the 
holes should not be larger than 
necessary to provide hardware 
clearance and, in any case, should 
not exceed a diameter of 0.250 
inch. Flange distortion is also 
possible if excessive torque is 
used during mounting. A maxi- 
mum torque of 8 inch-pounds 
is specified. Care should be ex- 
ercised to assure that the tool 
used to drive the mounting screw 
never comes in contact with the 
plastic body during the driving 
operation. Such contact can re- 
sult in damage to the plastic body 
and internal device connections. 
An excellent method of avoiding 
this problem is to use a spacer 
or combination spacer-isolating 
bushing which raises the screw 
head or nut above the top surface 
of the plastic body, as shown in 



Fig. 56. The material used for 
such a spacer or spacer-isolating 
bushing should, of course, be 
carefully selected to avoid "cold 
flow" and consequent reduction 
in mounting force. Suggested 
materials for these bushings are 
diallphthalate, fiberglass-filled 
nylon, or fiberglass-filled poly- 
carbonate. Unfilled nylon should 
be avoided. 



Special Thermal 
Considerations 



Fig. 57 shows a set of curves 
of typical case-to-heat-sink ther- 
mal resistance of the plastic 
VERSAWATT thyristor packages 
as a function of mounting torque 
for several mounting arrange- 
ments. Curves A through D show 
typical case-to-heat-sink ther- 
mal resistance for the mounting 
arrangements shown in Figs. 55(a) 
through 55(d). Curves E and F are 
representative of a VERSA- 
WATT thyristor mounted over a 
heat-sink mounting hole that has a 
diameter of 0.140 inch (No. 6 
screw clearance). Curve E shows 
the wide variation in thermal re- 
sistance with torque when the 
thyristor is mounted dry. Curve F 
shows the effect on contact 
thermal resistance of a thin layer 
of Dow Corning No. 340 silicone 
grease applied between thyristor 
and heat sink. For torques within 
the recommended range of 4 to 8 
inch-pounds, contact thermal re- 
sistance is reduced to between 18 
and 25 per cent of the dry values. 




Fig. 55-Mounting arrangements for VERSAWATT thyristor packages: (a) and (b) 
in-line-lead mounting; (c) chassis mounting; (d) formed-lead vertical mounting on 

printed-circuit boards. 
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Fig. 56-Mounting arrangement in which an isolating bushing is used to raise the 
head of the mounting screw above the plastic body of the VERS AW ATT package. 



When permitted by the thy- 
ristor maximum junction-tem- 
perature rating, operation of the 
VERSAWATT thyristor packages 
with heat-sink temperatures of 
100°C or greater results in some 
shrinkage of the insulating bush- 
ing normally used to mount 
thyristors. The degradation of 
contact thermal resistance (refer 
to Fig. 57) is usually less than 
25 per cent if a good thermal 
compound is used. 

During the mounting of RCA 
molded-plastic solid-state power 
devices, the following special pre- 
cautions should be taken to as- 
sure efficient heat transfer from 
case to heat sink: 

(1) Mounting torque should be 
between 4 and 8 inch-pounds. 



(2) The mounting holes should 
be kept as small as possible. 

(3) Holes should be drilled or 
punched clean with no burrs or 
ridges, and chamfered to a maxi- 
mum radius of 0.010 inch. 

(4) The mounting surface 
should be flat within 0.002 inch/ 
inch. 

(5) Thermal grease (Dow Corn- 
ing 340 or equivalent) should al- 
ways be used (on both sides of 
the insulating bushing normally 
used to mount power thyristors). 

(6) Thin insulating washers 
should be used (thickness of 
factory-supplied mica washers 
ranges from 2 to 4 mils). 

(7) A lock washer or torque 
washer should be used, together 
with materials that have sufficient 
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MOUNTING 


HEAT SINK 


MICA 




CURVE 


ARRANGEMENT 


HOLE 


THICKNESS 


THERMAL 






OIA. (IN.) 


(MILS) 


COMPOUND 


A 


Fig. 55(a) 


0.250 


4 


Dow Corning No. 340 


B 


Fig. 55(b) 


0.113 


4 


Dow Corning No. 340 


C 


Fig. 55(a) 


0.250 


2 


Dow Corning No. 340 


D 


Fig. 55(b) 


0.113 


2 


Dow Corning No. 340 


E 




0.140 


None 


None 


F 




0.140 


None 


Dow Corning No. 340 



Fig. 57-Typical case-to-heat-sink thermal resistance as a function of mounting torque 
for an RCA VERSAWATT thyristor package. 



creep strength to prevent deg- 
radation of heat-sink efficiency 
during life. 

Cleaning After 
Mounting 

A wide variety of solvents is 
available for degreasing and flux 
removal. The usual practice is to 
submerge components in a sol- 
vent bath for a specified time. 
From a reliability standpoint, 
however, it is extremely import- 
ant that the solvent, together 
with other chemicals in the solder- 
cleaning system (such as flux and 



solder covers), not adversely af- 
fect the life of the component. 
This consideration applies to all 
non-hermetic and molded-plastic 
components. 

It is, of course, impractical to 
evaluate the effect on long-term 
thyristor life of all cleaning sol- 
vents, which are marketed under 
a variety of brand names with 
numerous additives. Chlorinated 
solvents, gasoline, and other hy- 
drocarbons cause the inner en- 
capsulant to swell and damage the 
thyristors. Alcohols are accept- 
able solvents and are recom- 
mended for flux removal when- 



Packages, Handling, and Mounting 



69 



ever possible. Several examples 
of suitable alcohols are listed 
below: 

(1) methanol 

(2) ethanol 

(3) isopropanol 

(4) blends of the above 
When considerations such as 

solvents flammability are of con- 
cern, selected Freon-alcohol 
blends are usable when exposure 
is limited. Solvents such as those 
listed below should be safe when 
used for normal flux removal 



operations, but care should be 
taken to assure their suitability 
in the cleaning procedure: 

(1) Freon TE 

(2) Freon TE-35 

(3) Freon TP-35 (Freon PC) 
These solvents may be used for a 
maximum of 4 hours at 25°C or for 
a maximum of 1 hour at 50°C. 

Care must also be used in the 
selection of fluxes in the solder- 
ing of leads. Rosin or activated- 
rosin fluxes are recommended; 
organic fluxes are not. 
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As explained in the section on 
General Physical Theory, silicon 
rectifiers are essentially cells 
containing a simple p-n junction. 
As a result, they have low resist- 
ance to current flow in one (for- 
ward) direction, but high resist- 
ance to current flow in the op- 
posite (reverse) direction. They 
can be operated at ambient tem- 
peratures up to 200°C, current 
levels as high as hundreds of am- 
peres, and voltage levels greater 
than 1000 volts. In addition, they 
can be used in parallel or series 
arrangements to provide higher 
current or voltage capabilities. 
The Rectifier Product Matrix, 



shown in Table VII, points out the 
broad range of current and vol- 
tage capabilities and the variety 
of package structures that can 
be selected from the extensive 
line of RCA rectifiers. 

Because of their high forward- 
to-reverse current ratios, silicon 
rectifiers can achieve rectifica- 
tion efficiencies greater than 99 
per cent. When properly used, 
they have excellent life charac- 
teristics which are not affected 
by aging, moisure, or tempera- 
ture. They are very small and 
light in weight, and can be made 
impervious to shock and other 
severe environmental conditions. 



Table VII — Rectifier Product Matrix 



RCA 
Rectifiers 


Mod. 
TO-1 


DO-1 


DO-26 


'o 


0.25A 


0.75A 


0.75A 




1 A 


0.75A 


0.75A 


1A 


1A 
Iniulaiad 


IFSM 


30A 


15A 


15A 


35A 


3SA 


35A 


35A 


SOA 


50A 


VrrmIVI 50 






1N536 




1 M286BA 










100 


DIMM 


1N440B 


1N537 




1 N2859A 










200 


D1300B 


1N44 1B 


1 N?J8 






1N3193 


1N3253 


1N5211 


1N5215 


300 




1N442B 


1 HB33 




1N2B61 A 










400 


D1300D 


1N443B 


1 N540 


i N 1 763 A 


1 *J2862A 


! N31&4 


! 3 7bt 


1 M5212 


1N5216 


WO 




1N444B 


1 N i j95 


i N ', 76-1 A 


IN2863A 










GOO 






1 :J547 




IN 2864 A 


1N3195 


IN3256 


1N5213 


1N5217 


800 












IN3196 


1N32E* 


1N53H 


TNS21B 


1000 














1N3563 






F.le No. 


784 


5 


3 


89 


91 


41 


41 


245 


245 
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Table VII — Rectifier Product Matrix (cont'd) 







DO-15 


DO-4 


DO-5 


RCA 
Rectifiers 
















'0 


1A 


1.5A 


6A 


12A 


20A 


40A 


'FSM 


30* 


50A 


160a 


240A 


350A 


BOOA ' 


VRRMIVI 50 


D1201F 


IN 5391 


1N1341B 


1N1199A 


1N248C 


1N1183A 


100 


Dt201A 


1 N5392 


1N1342B 


1N1200A 


1 N249C 


1N1184A 


200 


D1201B 


1 N5393 


1N1344B 


1N1202A 


1N250C 


1N1186A 


300 




IN5394 


1N1345B 


1N1203A 


1N1i95A 


1N1187A 


400 


D1201D 


1N5395 


IN 13468 


1N1204A 


1N1196A 


1N1188A 


500 




1N5396 


IN1347B 


1N1205A 


1N1197A 


1N1189A 


600 


D1201M 


1 N5397 


1N1348B 


1N1206A 


1N1198A 


1NI190A 


800 


D1201N 


1 N5398 










1000 


D1201P 


1N5399 










File No. 


495 


478 


58 


20 


6 


38 



Fast-Recovery Types 



RCA 
Rectifiers 


DO 26 


DO-15 


DO-4 


DO 


-5 




'0 


1 A 




6A 


6A 


1 2A 


12A 


20A 


20A 


30A 


40A 


IFSM 


35A 


50A 


75A 


125A 


150A 


250A 


:-:25a 


300A 


300A 


700A 


V RRM IVI 50 


D2601F 


02201 F 


I N3879 


D2406F 


IN 3889 


D2412F 


1N3899 


■O2520F 


1N3909 


02540F 


100 


D2601A 


D2201A 


1N3880 


D2406A 


iN3B=?0 


D245 2A 


1N390O 


02520A 


IN3$>t! 


D2540A 


200 


D2601B 


D2201B 


1N3881 


D24068 


1N3891 


D2412B 


1N3901 


D2520B 


1 N391 1 


D2540B 


300 






1N3882 


D2406C 


1N3892 


D241 2C 


1N3902 


D2S20C 


1N3912 




400 


02601 D 


D2201D 


IN 3883 


D2406D 


1N3893 


D2412D 


1N3903 


D2520D 


1N3913 


D2540O 


500 






















600 


D2601M 


D2201 M 




D2406M 




D'M12M 




D2520M 




D2540M 


800 


D2601N 


D2201N 


















1000 






















Reverse 
Tim* t„ 






















Aft 


200 ns. 


200 ns 




200 ns. 




20O ns. 




200 ns. 




200 m. 


Max. 


500 ns. 


500 ns. 


200 ns. 


350 ns. 


200 ns. 


350 nt. 


200 ns. 


350 m 


200 n». 


350 «. 


FN. No. 


723 


629 


726 


663 


727 


664 


728 


665 


729 


580 



For Horizontal-Deflection Circuits 















DO- 






DO-26 


DO-1 


15 


RCA 














i Rectifiers 














■o 


0.5" 


1.6* 


1.9* 






1 A 


'fsm 


30A 


7GA 


70A 


70A 


30A 


50A 


Tiace 






02601 M 






D2201M 


Commulaling 




D2601E 




D2103S 




D2201M 


Linearity 












D2201B 


Requtatof 












D2201B 


Clamp 


D26O0M 








D2101S 




Fiie No. 


839 


839 


839 


522 


522 


629 



''FIRMS) 



NOTE: The file numbers listes in the matrix charts indicate the RCA technical data 
bulletins that provide detailed technical data on RCA rectifiers. 
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ELECTRICAL 
CHARACTERISTICS 

Fig. 58 shows the basic cur- 
rent-voltage characteristic for a 
silicon rectifier. As explained in 
the potential-hill analyses in the 
section on General Physical 
Theory, the forward current is 
many times larger than the re- 




Fig. 58-Current-voltage characteristic of 
a silicon rectifier. 

verse current over the normal 
operating range of the rectifier. 
The small reverse (leakage) cur- 
rent gradually rises with an in- 
crease in reverse voltage. This 
increase in reverse current event- 
ually leads to junction break- 
down, as indicated by an abrupt 
increase in reverse current at 
high reverse voltages. Another 
important feature of the rectifier 
characteristic is that the forward 
voltage drop remains small up to 
the maximum rated current. The 
basic characteristic curve shown 
in Fig. 58 serves as a model in 
the development of the charac- 
teristics data given in the manu- 
facturer's specifications on silicon 
rectifiers. 

Characteristics data given for 
silicon rectifiers are based on the 



manufacturer's determination of 
the inherent qualities and traits 
of the device. These data, which 
are usually obtained by direct 
measurements, provide informa- 
tion that a circuit designer needs 
to predict the performance capa- 
bilities of his circuit and form 
the basis for the ratings that de- 
fine the safe operating limits for 
the rectifier. 

Forward Voltage Drop 

The major source of power loss 
in a silicon rectifier arises from 
the forward-conduction voltage 
drop. This characteristic, there- 
fore, is the basis for many of the 
rectifier ratings. 

A silicon rectifier usually re- 
quires a forward voltage of 0.4 to 
0.8 volt, depending upon the tem- 
perature and impurity concentra- 
tion of the p-n junction, before 
a significant amount of current 
flows through the device. As 
shown in Fig. 59, a slight rise in 
the forward voltage beyond this 
point causes a sharp increase in 
the forward current. The slope of 



200 




0.5 1.0 1.5 2.0 

FORWARD VOLTAGE -V 



Fig. 59-Typical forward characteristics 
of a silicon rectifier. 
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the voltage-current characteristic 
at voltages above this threshold 
value represents the dynamic 
resistance of the rectifier. Losses 
that result from this resistance 
characteristic increase as the 
square of the current and thus 
increase rapidly at high current 
levels. The dynamic resistance is 
dependent upon the construction 
of the rectifier junction and is 
inversely proportional to the area 
of the silicon pellet. 

Fig. 59 also shows that, at any 
reasonable current level, the value 
of forward voltage required to 
initiate current flow through the 
rectifier decreases as the tempera- 
ture of the rectifier junction in- 
creases. This voltage-temperature 
dependence has a compensatory 
effect in rectifiers operated at 
high currents, but it is a source 
of difficulty when rectifiers are 
operated in parallel, as explained 
later in this section in the dis- 
cussion of Multiple Rectifier 
Connections. 

Reverse Current 

When a reverse-bias voltage 
is applied across a silicon recti- 
fier, a limited amount of reverse 
current flows through the recti- 
fier. This current is in the order 
of only a few microamperes, as 
compared to the milliamperes or 
amperes of forward current pro- 
duced when the rectifer is for- 
ward-biased. Initially, as shown 
in Fig. 60, the reverse current 
increases slightly as the blocking 
(reverse- bias) voltage increases, 
but then tends to remain relatively 
constant, even though the block- 
ing voltage is increased signifi- 



cantly. The figure also indicates 
that an increase in operating tem- 
perature causes a substantial in- 
crease in reverse current for a 
given reverse voltage. Reverse- 
blocking thermal runaway may oc- 
cur because of this characteristic 
if the reverse dissipation becomes 
so large that, as the junction tem- 
perature rises, the losses increase 
faster than the rate of cooling. 



VOLTAGE 




92CS-2I285 

Fig. 60-Typical reverse characteristics of 
a silicon rectifier. 

If the reverse blocking voltage 
is continuously increased, it even- 
tually reaches a value (which 
varies for different types of sili- 
con rectifiers) at which a very 
sharp increase in reverse current 
occurs. This voltage is called the 
breakdown or avalanche (or 
zener) voltage. Although recti- 
fiers can operate safely at the 
avalanche point, the rectifer may 
be destroyed as a result of thermal 
runaway if the reverse voltage in- 
creases beyond this point or if 
the temperature rises sufficiently 
(e.g., a rise in temperature from 
25°C to 150°C increases the cur- 
rent by a factor of several hun- 
dred). 

Reverse Recovery Time 

After a silicon rectifier has 
been operated under forward-bias 
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conditions, some finite time inter- 
val (in the order of a few micro- 
seconds) must elapse before it 
can return to the reverse-bias 
condition. This reverse- recovery 
time is a direct consequence of 
the greatly increased concentra- 
tion of charge carriers in the cen- 
tral region that occurs during 
forward-bias operation. If the 
bias is abruptly reversed, some of 
these carriers abruptly change 
direction and move out in the 
reverse direction, and the re- 
mainder recombine with opposite- 
polarity types. Because there is 
a finite number of these carriers 
in the central region, and there 
is no source of additional charge 
carriers to replace those that are 
removed, the device will eventu- 
ally go into the reverse-bias con- 
dition. During the removal period, 
however, the charge carriers con- 
stitute a reverse current known 
as the reverse-recovery current. 

Fig. 61 shows the current wave- 
form obtained when a sinusoidal 
voltage is applied across a sili- 
con rectifier. During the positive 
alternation of the input voltage, 
the rectifier conducts and ac- 
cumulates stored charge. When 
the supply voltage reverses po- 
larity, the reverse recovery cur- 

92CS-2I286 

Fig. 61-Test circuit and output current 
waveform obtained when a sinusoidal volt- 
age is applied across a silicon rectifier. 



rent flows through the rectifier 
until all the stored charge is re- 
moved. 

The reverse-recovery time im- 
poses an upper limit on the fre- 
quency at which a silicon rectifier 
may be used. Any attempt to op- 
erate the rectifier at frequencies 
above this limit results in a sig- 
nificant decrease in rectification 
efficiency and may also cause 
severe overheating and resultant 
destruction of the rectifier be- 
cause of power losses during the 
recovery period. 

MAXIMUM RATINGS 

Ratings are established for 
solid-state devices to help circuit 
and equipment designers use the 
performance and service capa- 
bilities of each type to maximum 
advantage. They define the limit- 
ing conditions within which a 
device must be maintained to 
assure satisfactory and reliable 
operation in equipment applica- 
tions. A designer must thoroughly 
understand the constraints im- 
posed by the device ratings if he 
is to achieve effective, economi- 
cal, and reliable equipment de- 
signs. Reliability and perform- 
ance considerations dictate that 
he select devices for which no 
ratings will be exceeded by any 
operating conditions of his ap- 
plication, including equipment 
malfunction. He should also 
realize, however, that selection 
of devices that have overly con- 
servative ratings may signifi- 
cantly add to the cost of his 
equipment. 

Three systems of ratings (the 
absolute maximum system, the 
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design center system, and the 
design maximum system) are 
currently in use in the electronics 
industry. The ratings given in 
the technical data for solid-state 
devices are based on the absolute 
maximum system. A definition for 
this system of ratings has been 
formulated by the Joint Electron 
Devices Engineering Council 
(JEDEC) and standardized by 
the National Electrical Manu- 
facturers Association (NEMA) 
and the Electronic Industries 
Association (EIA), as follows: 

"Absolute-Maximum ratings 
are limiting values of operating 
and environmental conditions 
applicable to any electron device 
of a specified type as defined by 
its published data, and should 
not be exceeded under the worst 
probable conditions. 

"The device manufacturer 
chooses these values to provide 
acceptable serviceability of the 
device, taking no responsibility 
for equipment variations, envi- 
ronmental variations, and the ef- 
fects of changes in operating 
conditions due to variations in 
device characteristics. 

"The equipment manufacturer 
should design so that initially 
and throughout life no absolute- 
maximum value for the intended 
service is exceeded with any de- 
vice under the worst probable 
operating conditions with respect 
to supply-voltage variation, 
equipment component variation, 
equipment control adjustment, 
load variation, signal variation, 
environmental conditions, and 
variations in device character- 
istics." 



Ratings are given for those 
stress factors that careful study 
and experience indicate may lead 
to severe degradation in perform- 
ance characteristics or eventual 
failure of a device unless they 
are constrained within certain 
limits. Table VIII lists the critical 
rating factors and limiting char- 
acteristics and indicates the sym- 
bols used to specify the safe oper- 
ating capabilities of silicon recti- 
fiers. 

Ratings for silicon rectifiers 
are determined by the manufac- 
turer on the basis of extensive 
testing. These ratings express the 
manufacturer's judgment of the 
maximum stress levels to which 
the rectifiers may be subjected 
without endangering the operating 
capability of the unit. The most 
significant factors for which sili- 
con rectifiers must be rated are: 
peak reverse voltage, forward 
current, surge (or fault) current, 
operating and storage tempera- 
tures, amperes squared-seconds, 
and mounting torque. 

Peak Reverse Voltage 

Excessive off-state voltage 
potentials produce high leakage 
(or reverse) currents in solid-state 
devices. In silicon rectifiers, the 
high reverse currents that result 
from excessive reverse-bias volt- 
ages can lead to crystal break- 
down and consequent destruction 
of the devices. 

Peak reverse voltage (V RM ) is 
the rating used by the manufac- 
turer to define the maximum al- 
lowable reverse voltage that can 
be applied across a rectifier. This 
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Table VIII — Ratings and Limiting Characteristics for Silicon Rectifiers 



Quantity 

Ambient temperature 
Case temperature 
Junction temperature 
Storage temperature 
Thermal Resistance 

Junction to ambient 

Junction to case 

Case-to-ambient 

Case-to-heat sink 
Transient thermal impedance 

Junction-to-ambient 

Junction-to-case 
Delay time 
Rise time 
Fall time 

Forward current: 
Total rms value 

DC value, no alternating component 
DC value, with alternating component 
Instantaneous total 
Maximum (peak) total value 
Repetitive peak 
Surge (non-repetitive) 
Forward voltage: 
Total rms value 

DC value, no alternating component 
DC value, with alternating component 
Instantaneous total value 
Maximum (peak) value 



Symbol 

Ta 

Tc 

Tj 

T stg 

R « 

R 9J-A 
R 9J-C 
R 0C-A 
R 0C-S 
R W) 
%1-A (t) 
R »J-C (t) 
<d 

tf 

'f(RMS) 
! F 

'f(AV) 
'F 

'fm 

'frm 

'fsm 

V F(RMS) 
V F 

V F(AV) 
"F 

Vfm 



Quantity Symbol 

Reverse current: 

Total rms value Ir(RMS) 

DC value, no alternating component l R 

DC value, with alternating component l R(A V) 

Instantaneous total value Iria 

Reverse recovery time t^ 

Reverse voltage: 

Total rms value V R(RMS) 

DC value, no alternating component V R 

DV value, with alternating component V R(AV) 

Instantaneous total value i>r 

Maximum (peak) total value V RM 

Working peak Vrwm 

Repetitive peak Vrrm 

Non-repetitive peak Vrsm 

Reverse breakdown voltage: 

DC value, no alternating component V( BR)R 

Instantaneous total value "(BR)R 

Forward Power Loss: 

DC value, no alternating component P F 

DC value, with alternating component Pp( A V) 

Instantaneous total value p F 

Maximum (peak) total value P FM 

Reverse power loss: 

DC value, no alternating component P R 

DC value, with alternating component P R (av) 

Instantaneous total value p R 

Maximum (peak) total value P RM 



rating is less than the avalanche 
breakdown level on the reverse 
characteristic. With present-day 
diffused-junction devices the 
power dissipation at peak reverse 
voltage is a small percentage of 
the total losses in the rectifier 
for operation at the maximum 
rated current and temperature 
levels. The reverse dissipation 
may increase sharply, however, 
as temperature or blocking volt- 
age is increased to a point beyond 
that for which the device is cap- 
able of reliable operation. It is 
important, therefore, to operate 
within ratings. 

A transient reverse voltage rat- 
ing may be assigned when it has 
been determined that increased 



voltage stress can be withstood 
for a short time duration provided 
that the device returns to normal 
operating conditions when the 
overvoltage is removed. This con- 
dition is illustrated in Fig. 62. 

Peak-reverse voltage ratings for 
single-junction silicon rectifiers 
range from 50 to 1500 volts and 
for multiple-junction silicon-recti- 
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Fig. 62-Typical waveform of repetitive 
and transient reverse voltages applied 
across a silicon rectifier. 
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fier assemblies may be as high as 
several hundred thousands of 
volts. 

Forward Current 

If the current in a solid-state 
device becomes sufficiently large, 
the semiconductor pellet could be 
melted by the excessive junction 
temperatures that result. Maxi- 
mum current ratings, however, 
are not usually based on the 
current-carrying capacity of the 
semiconductor pellet. Such rat- 
ings are usually based on the 
degradation of specific device 
performance characteristics that 
result when the current density 
exceeds a critical value or on the 
fusing current of an internal con- 
necting wire. 

The current rating assigned to 
a rectifier is expressed as a maxi- 
mum value of forward current at 
a specific case temperature. For 
these conditions, the power dis- 
sipation and internal temperature 
gradient through the thermal im- 
pedance from junction to case 
are such that the junction is at 
or near the maximum operating 
temperature for which the block- 
ing-voltage rating can be main- 
tained. At current levels above 
this maximum rating, the internal 
and external leads and terminals 
of the device may experience ex- 
cessive temperatures, regardless 
of the heat sink provided for the 
pellet itself. The current rating 
can be described more fully in 
the form of a curve such as that 
shown in Fig. 63. 

Because the current through a 
rectifier is not normally a smooth 
flow, current ratings are usually 



expressed in terms of average cur- 
rent (I AV ), peak current (I M ), and 
rms current (I RMS ). Each of these 
currents may be expressed in 
terms of the other two currents. 



TYPE OF OPERATION: 
A— DIRECT CURRENT 
B— SINGLE PHASE 
C- THREE PHASE 
D-SIX PHASE 




% 160 170 180 190 200 210 220 
CASE TEMPERATURE - "C 

92CS-ZIZ68 

Fig. 63-Current rating chart for a 12- 
ampere silicon rectifier. 

The average current through a 
rectifier in half-sine-wave service 
is related to the peak current by 
the following equation: 



f *M»0 wt d M) 



2tt 



Im = 7T Ia 



(Ba) 
(13b) 



The relationship between the 
peak current and rms current of 

a rectifier in half-sine-wave ser- 
vice can be expressed as follows: 



/I M 2 sin 2 wt d(cot) 
o 



+ d(wt)'/ i 

TT 



2tt 



or 



2 1, 



(14a) 
(14b) 
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Table IX summarizes the rela- 
tionships expressed by Eqs. (13) 
and (14). As discussed later, cer- 
tain of these relationships are 
used to determine the power dis- 
sipated in a rectifier. The rela- 
tionships for average, peak, and 
rms currents are applicable only 
when the rectifier is used in half- 
sine- wave service. 

Table IX— Relationship of I avg , 

Inns' and T pk 

!m = 77 I AV = 3.14 I AV 
I AV = (1/tt) I M = 0.32 I M 
•m =2 I RMS 
Irms = '/ 2 Im 

I AV = (2/77) I RMS = 0.64 I RMS 
Irms = (77/2) I AV = 1-57 I AV 



Published data for rectifiers 
usually list maximum limits for 
average current and for repetitive 
peak current. The maximum av- 
erage forward-current rating I F(AV) 
is the maximum average value of 
current that is allowed to flow 
through the rectifier in the for- 
ward direction under stated con- 
ditions. The repetitive peak 
forward-current rating l mM is the 
maximum instantaneous value of 
repetitive forward current per- 
mitted under stated conditions. 
The dual maximum ratings are 
required because, under certain 
conditions (e.g., when a highly 
capacitive load is used), it is pos- 
sible for the average current to 
be low and for the peak current 
to be high enough to cause over- 
heating of the rectifier. The ap- 
proximate expression for power 
losses P in a silicon rectifier, 



given by the following equation, 
can be used to explain how this 
type of operation is possible: 

P (watts) = (Vdc Idc) + (IrMS 2 Rdyn) 

(15) 

where the voltage V dc is 0.4 to 
0.8 volt depending upon the junc- 
tion temperature; the direct cur- 
rent I dc is equivalent to the aver- 
age current I AV ; the current I RMS 
is the true rms current and, for 
a fixed average current, increases 
as the peak current increases; 
and Rjyn is the dynamic resistance 
of the rectifier over the current 
range considered. 

An analysis of Eq. (15) shows 
that if the peak current is in- 
creased and the conduction time 
is decreased so that the average 
current is held constant, the rms 
current and, therefore, the power 
dissipated in the rectifier (I RMS 2 
Rjyn) are also increased. This be- 
havior explains why the maximum 
permissible value of average cur- 
rent in multiple-phase circuits is 
reduced as the number of phases 
is increased and the conduction 
period is reduced. Fig. 63 shows 
the effect of the number of phases 
on the variation in average cur- 
rent with case temperature. 

Surge Current 

A third maximum-current limit 
given in the manufacturer's data 
on silicon rectifiers is the surge 
(or fault) current rating I FSM . Dur- 
ing operation, unusually high 
surges of current may result at 
turn-on, load switching, and short 
circuits. A rectifier can absorb a 
limited amount of increased dis- 



sipation that results from short- 
duration high surges of current 
without any effect except a mo- 
mentary rise in junction tempera- 
ture. If the surges become too 
high, however, the temperature 
of the junction may be raised 
beyond the maximum capability 
of the device. The rectifier may 
then be driven into thermal run- 
away and, consequently, be des- 
troyed. Fig. 64 shows a typical 
surge-current rating curve for a 
silicon rectifier. 

If the value and duration of 
anticipated current surges exceed 
the rating of the rectifier, im- 
pedance may be added to the cir- 
cuit to limit the magnitude of the 
surge current, or fuses may be 
used to limit the duration of the 
surges. (The procedure used to 
calculate the value of the surge 
limiting resistance is explained in 
the discussion of capacitive load 
circuits in the section on DC 
Power Supplies.) In some cases, 
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Fig. 64-Peak-surge-current rating chart 
for a 12-ampere silicon rectifier. 

a rectifier that has an average- 
current rating higher than that 
required by the circuit must be 
used to meet surge requirements 



of the circuit. The technique elim- 
inates the need for additional cir- 
cuit impedance elements or spe- 
cial fusing. 

If fuses are used to protect the 
rectifiers, a coordination chart, 
such as that shown in Fig. 65, 
should be constructed. This chart 




SURGE DURATION — S 



Fig. 65-Coordination chart that relates 
rectifier surge-current rating (curve A), 
opening characteristics of circuit fuses 
(curve B), and maximum available surge 
current in a circuit (curve C). 

shows the surge rating of the rec- 
tifier (curve A), the opening char- 
acteristics of the fuse (curve B), 
and the maximum surge current 
available in the circuit (curve C). 
In the construction of a coordina- 
tion chart for a particular recti- 
fier, the rms value of the surge 
current can be obtained from a 
universal surge-rating chart, such 
as that shown in Fig. 66. The 
opening characteristics of the fuse 
can be obtained from the manu- 
facturer's published data, and the 
maximum surge current can be 
calculated. 

The coordination chart shown 
in Fig. 65 was prepared for a 
12-ampere silicon rectifier oper- 
ated in half-wave service from a 
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220-volt rms ac source and pro- 
tected by a fuse having opening 
characteristics as shown by 
curve B. If the total short- 




SURGE DURATION- 



9ZCS-2IZ90 



Fig. 66-Universal surge-current rating 
chart for RCA silicon rectifiers. 



circuit impedance of all the rec- 
tifier elements is determined to 
be 2.25 ohms, the peak surge 
current I s for full-wave opera- 
tion can be calculated as fol- 
lows: 



Is = 



220 V RMS x 



1.41 



2.25 



= 137.6 amperes 

For half-wave service, the peak 
surge current (I s = I FSM ) can be 
converted to rms current by use 
of the relationships given in 
Table VIII, as follows: 

Irms = ^ Ifsm 

137.6 , Q . 
= — or 68.8 amperes 

Curve A of Fig. 65, which is 
merely a reproduction of the 12- 
ampere curve on the universal rat- 
ing chart shown in Fig. 66, gives 



the surge-current rating of the 
12-ampere silicon rectifier, but 
does not consider the normal rms 
value of current that the rectifier 
can handle. This normal value of 
rms current must be subtracted 
from the total surge current to 
determine the actual overcurrent 
of the fault. First, the relation- 
ships in Table IX are used to con- 
vert the average-current rating of 
the rectifier to the normal rms 
value, as follows: 

Irms = 1-57 I AV 

= 1.57 x 12, or 18.8 amperes 

The overcurrent is then deter- 
mined from the following calcula- 
tion: 



^surge I 



normal — 68.8 — 18.8, 

or 50 amperes 



The 50-ampere fault current is 
represented on the coordination 
chart in Fig. 65 by the straight- 
line curve C. The 12-ampere rec- 
tifier can sustain a fault current 
of this magnitude for 51 milli- 
seconds, as indicated by the point 
of intersection of curves A and 
C. The fuse, however, opens and 
interrupts the flow of current in 
the circuit after 43 milliseconds, 
as indicated by the point of inter- 
section of curves B and C, and the 
rectifier is protected. 

Amperes Squared-Seconds 
d 2 t) 

The amperes-squared-seconds 
(Pt) rating for silicon rectifiers 
is a useful figure of merit that 
provides important information 
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for fuse coordination. This rating 
indicates the energy, E, required 
to melt the fusible material of a 
particular fuse; it is based on the 
following familiar power relation- 
ship: 

P = PR (16) 

where R is the resistance of the 
fuse element and I is the rms 
value of the current in the fuse. 

The above equation can be ex- 
pressed in terms of energy (E = 
Pxt) as follows: 

E = PRt (17) 

The resistance R is constant for a 
given fuse material; this term is 
dropped from the equation to 
obtain the figure of merit Pt that 
is directly proportional to the 
energy required to melt the fuse 
material. 

The Ft rating for a particular 
silicon rectifier can be determined 
directly from the surge-current 
curves for the device. For ex- 
ample, the Ft rating for a recti- 
fier operated with a 60-Hz ac 
input can be calculated from the 
following relationship: 

j 2( _ one-cycle surge-current rating 
2 

x 16.67 x 10- 3 (18) 

In this relationship, the factor 
16.67 x 10" 3 represents the time in 
seconds for one cycle of operation 
at 60-Hz, and the peak surge- 
current value is divided by 2 to 
obtain the rms value (i.e., 
= Ipk/2). 



The peak value of surge current 
that can be sustained by a 12- 
ampere silicon rectifier is 240 
amperes, as indicated by the 
curves shown in Fig. 65(a). The 
Ft rating for the rectifier is cal- 
culated as follows: 

Pt = ( 2 *° ) x 16.67 x 10- 3 

= 240 amperes squared-seconds 

For periods of operation less 
than that for one cycle of a 60-Hz 
sine wave (i.e., for subcycle time 
periods), the manufacturer's data 
does not specify the exact surge- 
current capability of a rectifier. 
Under such conditions, a some- 
what different procedure is re- 
quired for fuse coordination. In 
this procedure, consideration 
must be given to two important 
factors. 

First, the worst-case condition 
for fusing results from the ap- 
plication of a square wave of cur- 
rent. If other current waveforms 
are converted into an equivalent 
square wave, a conservative fus- 
ing rating can be obtained. For 
example, a half-sine wave of 60- 
Hz current has a duration of 8.3 
milliseconds. The duration of an 
equivalent square wave having 
the same peak amplitude is 4.16 
milliseconds, as indicated in Fig. 
67. 

Second, because of funda- 
mental differences in thermal and 
structural characteristics, the 
surge-current capabilities of solid- 
state devices and fuses also differ. 
For fuses, this capability is a con- 
stant proportional to Ft. For a 
solid-state device this capability 
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is proportional to I*t, where x 
is some value between 2 and 3. 
A safe approximation for a rec- 
tifier surge-current failure curve 
would result from the use of Ft 
to define the upper energy limit. 




92CS-25674 

Fig. 67Square-wave equivalent of a half 
sine-wave of 60-Hz current. 

The two factors discussed 
above are taken into account in 
the subcycle surge-current rating 
chart shown in Fig. 68. In this 
chart, the peak surge-current that 
can be sustained by a rectifier for 
a subcycle period is normalized 
by the peak one-cycle surge- 
current rating (Ft) and plotted as 
a cubic function of time. The 
normalized Ft value for the single- 
cycle surge (which is equivalent 
to a 4. 16 millisecond square wave) 
is assigned the value of 1, and a 
line that has a slope of V3 is 
drawn through this point (1, 4.16 
ms.) on a log-log graph to define 
the subcycle surge-current capa- 
bility of a silicon rectifier. Use of 
this curve is illustrated by the fol- 
lowing example, in which the Ft 
rating is to be determined for a 1 
millisecond duration. 

The subcycle surge-current 
rating curve in Fig. 68 shows that 
the normalizing factor at 1 milli- 
second is 0.62. The 1 -millisecond 



Ft value is then determined as 
follows: 

I 2 t(l ms) = 0.62 Ft (single . cyde surge) 

(19) 

For a 12-ampere silicon rectifier, 
which has a single-curve surge 
capability of 240 amperes squar- 
ed-seconds, this value becomes 

1% ms) = (0.62) 240 A 2 s 
= 149 A 2 s 

For the 12-ampere silicon recti- 
fier, therefore, the Ft rating for a 
time period of 1 millisecond is 149 
amperes squared-seconds. This 
value can then be used to cal- 
culate the peak square-wave cur- 
rent allowable for a 1 -millisecond 
period as follows: 

I - ( 149 N * 
Ipk(lms) " Vlxl0-3 ) 

= 386 amperes 

The Ft fusing rating may be 
determined by an alternate ap- 
proach if the peak available short- 
circuit current is known. Fig. 69 
shows a relationship between 
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Fig. 68-Subcycle surge-current rating 
chart. 
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M ANUFACT ERER'S 




PEAK AVAILABLE SHORT CIRCUIT CURRENT — A 

92CS-25682 



Fig. 69-Maximuin permissible I' 1 ! as a function of peak available short-circuit current. 



short-circuit currents and pub- 
lished single-cycle Ft ratings. 
This chart, like that shown in Fig. 
68, is based on a constant Pt 
so that for peak currents that 
exceed the single-cycle rating, 
the Ft capability is inversely pro- 
portional to the peak current, as 



indicated by the following rela- 
tionship: 

Ft = K 
Ft = K/I 

(20) 
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As an example of the use of the 
alternate technique, it is assumed 
that a device that has a single- 
cycle peak surge-current rating of 
350 amperes is to be used in an 
application in which a short-cir- 
cuit current of 400 amperes is 
available. The 400-ampere fault 
current is located on the abscissa 
of Fig. 69. This point is projected 
vertically upward to intersect the 
350-ampere published single-cycle 
rating. The ordinate of the chart 
then shows an Pt rating of 440 
amperes squared-seconds. If the 
same silicon rectifier is used in an 
application for which a short-cir- 
cuit current of 700 amperes is 
available, the fuse should have an 
Pt rating of 255 amperes squared- 
seconds. 

MULTIPLE RECTIFIER 
CONNECTIONS 

Two or more silicon rectifiers 
can be used in parallel or series 
arrangements to extend current 
and voltage capabilities beyond 
the limits attainable from a single 
rectifier. Some basic considera- 
tions for multiple connections of 
silicon rectifiers are discussed in 
the following paragraphs. 

Parallel Arrangements 

When two or more silicon rec- 
tifiers are connected in parallel, 
the current-handling capability of 
the combined units is substanti- 
ally greater than that of a single 
rectifer of the same type. It is 
often more practical, however, to 
obtain the greater current capa- 
bility by use of a multiphase cir- 
cuit or by selection of a single 



higher-current rectifier, if avail- 
able, that can provide the capa- 
bilities required. 

When rectifiers are to be used 
in parallel arrangements, the main 
concern is the forward-voltage 
characteristics of the rectifiers 
selected. If the forward-voltage 
characteristics of the rectifiers are 
not closely matched, an unbalance 
in the current division among the 
rectifiers occurs. The rectifier 
that has the lower forward- voltage 
drop receives a larger share of 
the total current. The higher cur- 
rent causes a greater heating of 
this rectifier which further re- 
duces the forward voltage drop 
and thereby causes an additional 
increase in the current. This re- 
generative effect can result in de- 
struction of the rectifier and can 
lead to progressive destruction of 
all the rectifiers in the parallel 
array. In parallel operation of 
silicon rectifiers, therefore, the 
circuit configuration should assure 
that the rectifiers receive equal 
shares of the total current, for- 
ward-voltage characteristics of 
the rectifiers should be closely 
matched, or a combination of 
both techniques should be used. 

An equal division of current 
among the rectifiers can be forced 
by use of resistors or balancing 
inductors in series with each rec- 
tifier. The major disadvantage to 
the use of series resistors is that 
they introduce large power losses 
that reduce rectifier efficiency. 
The major disadvantage of bal- 
ancing reactors is the relatively 
high cost of these components. 

The best method to assure 
equal division of current through 
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parallel rectifiers is to select rec- 
tifiers on the basis of matched 
forward-voltage characteristics. 
This selection can be made more 
easily when a large number of 
parallel circuits is to be construc- 
ted, because the rectifiers can 
then be graded into different volt- 
age-drop categories and units 
from only one category selected 
for a given parallel circuit. Be- 
cause the forward voltage drop of 
a silicon rectifier is dependent 
upon the temperature, rectifiers 
used in a parallel array should be 
maintained at the same tempera- 
ture. One technique that may be 
used to assure that temperature 
deviations among the rectifiers 
will be held to a minimum is to 
mount all the units in the parallel 
array on the same heat sink. 

When silicon rectifiers are con- 
nected in parallel arrangements, 
all contacts should have a low re- 
sistance, the wires used should be 
large enough so that their re- 
sistance is negligible, and in high- 
current arrays the wiring should 
be arranged so that a minimum 
unbalance in inductive effects is 
achieved. 

Series Arrangements 

Two or more silicon rectifiers 
may be connected in series ar- 
rangements when voltage require- 
ments exceed the capabilities of 
a single rectifier. The main con- 
cern when rectifiers are to be 
operated in series is that the re- 
verse voltage be divided equally 
across each rectifier. The use of 
resistance-capacitance equalizing 
networks and the selection of rec- 
tifiers that have matched reverse 



characteristics are the two most 
common techniques employed to 
assure equal voltage division. 

A third technique that may be 
employed when rectifiers are con- 
nected in series is the use of 
transformers that have multiple 
secondary windings. Each sec- 
ondary winding is connected 
across one of the rectifiers in 
the series array. This technique 
is practical when only a few rec- 
tifiers are to be connected in 
series. For a large number of 
rectifiers, the cost and complexity 
of the multiple-secondary ap- 
proach become prohibitive. 

FAST-RECOVERY RECTIFIERS 

As pointed out earlier, in the 
discussion of Electrical Charac- 
teristics, the reverse-recovery 
time of a silicon rectifier imposes 
a finite limit on the maximum 
frequency at which the device 
may be used. In most rectifier 
applications that require fast- 
recovery rectifiers, the rectifiers 
are not used as conventional high- 
frequency rectifiers. Most re- 
quirements for rectifiers capable 
of very rapid forward-to-reverse 
current switching include the fol- 
lowing types of applications: 

high-speed inverters and con- 
verters 

switching regulators 

television high-voltage power 
supplies 

"free wheeling" diodes in 
chopper supplies 

Table X shows significant char- 
acteristics and ratings for RCA 
fast-recovery silicon rectifiers. 
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— Fast-Recovery Silicon Rectifiers 



RCA 
TYPE 




Forward Current 




Voltage 

V RRM 
V 


Temp. 
Range 
Operating 

°C 


Voltage Drop 


Rev. Recovery Time 


RMS 

'F(RMS) 
A 


'o 
A 


Surge 

'fsm 

A 


Temp.-T^ 

°C 


V F 
V 


'f 
A 


'rr 
us 


'fm 

A 


°c 


D21 types 


D2103SF 


3 




70 


150m 


750 


-30 to 80 


1.4 


4 


0.5 


3.14 


25 


D2103S 


3 




70 


150W 


700 


-30 to 80 


1.4 


4 


0.5 


3.14 


25 


D2101S 


1 




30 


45 


700 


-30 to 80 


1.5 


4 


0.7 


3.14 


25 



•• Junction Temperature 



D22 types 



D2201F 


15 




50. 


100. 


50 


-40 to 150 


1.9 


4 


0.5 


3.14 


25 


D2201A 


1.5 




50. 


100. 


100 


-40 to 150 


1.9 


4 


0.5 


3.14 


25 


02201 B 


1.5 




50. 


100a 


200 


-40 to 150 


1.9 


4 


0.5 


3.14 


25 


D2201D 


1.5 




50. 


100a 


400 


-40 to 150 


1.9 


4 


0.5 


3.14 


25 


02201 M 


1.5 




50. 


100. 


600 


-40 to 150 


1.9 


4 


0.5 


3.14 


25 


D2201N 


1.5 




50. 


100. 


800 


-40 to 150 


1.9 


4 


0.5 


3.14 


25 



• At Junction Temperature (Tj) = 150°C ■ Lead Temperature 



D26 types 



D2600M 


0.5 




30 


45 


600 


-40 to 80 


2 


4 


0.7 


20 


25 


D2601E 


1.6 




70 


150. 


500 


-40 to 80 


1.9 


4 


0.5 


20 


25 


D2601M 


1.9 




70 


150. 


600 


-40 to 80 


1.9 


4 


0.5 


20 


25 



D2601F 


1.5 


1 


35. 


100. 


50 


-40 to 150 


1.9 


4 


0.5 


20 


25 


D2601A 


1.5 


1 


35. 


100. 


100 


-40 to 150 


1.9 


4 


0.5 


20 


25 



D2601B 


1.5 


1 


35. 


100. 


200 


40 to 150 


1.9 


4 


0.5 


20 


25 


D2601O 


1.5 


1 


35. 


100. 


400 


-40 to 150 


1.9 


4 


0.5 


20 


25 


D2601M 


1.5 


1 


35. 


too. 


600 


-40 to 150 


1.9 


4 


0.5 


20 


25 


D2601N 


1.5 


1 


35. 


100. 


800 


•40 to 150 


1.9 


4 


0.5 


20 


25 



♦ At Junction Temperature (Tj} = 165°C a Lead Temperature • Junction Temperature 



D24 Types 



D2406F 


9 


6 


125 


100 


50 


-40 to 150 


1.4 


6 


0.35 


19 


25 


D2406A 


9 


6 


125 


100 


100 


-40 to 150 


1.4 


6 


0.35 


19 


25 


D2406B 


9 


6 


125 


100 


200 


-40 to 150 


1.4 


6 


0.35 


19 


25 


D2406C 


9 


6 


125 


100 


300 


-40 to 150 


1.4 


6 


0.35 


19 


25 


02406D 


9 


6 


125 


100 


400 


40 to 150 


1.4 


6 


0.35 


19 


25 


D2406M 


9 


6 


125 


100 


600 


-40 to 150 


1.4 


6 


0.35 


19 


25 


1N3879 


9 


6 


75 


100 


50 


-65 to 150 


1.4 


6 


0.20 




25 


1N3880 


9 


6 


75 


100 


100 


-65 to 150 


1.4 


6 


0.20 




25 


1N3881 


9 


6 


75 


100 


200 


-65 to 150 


1.4 


6 


0.20 




25 


1N3882 


9 


6 


75 


100 


300 


-65 to 150 


1.4 


6 


0.20 




25 


1N3883 


9 


5 


75 


100 


400 


-65 to 150 


1.4 


6 


0.20 




25 






D2412F 


18 


12 


250 


100 


50 


40 to 150 


1.4 


12 


0.35 


38 


25 


02412A 


18 


12 


250 


100 


100 


40 to 150 


1.4 


12 


0.35 


38 


25 


D2412B 


18 


12 


250 


100 


200 


-40 to 150 


1.4 


12 


0.35 


38 


25 


D2412C 


18 


12 


250 


100 


300 


40 to 150 


1.4 


12 


0.35 


38 


35 


02412D 


18 


12 


250 


100 


400 


40 to 150 


1.4 


12 


0.35 


38 


25 


D2412M 


18 


12 


250 


100 


600 


40 to 150 


1.4 


12 


0.35 


38 


25 
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Table X — Fast Recovery Silicon Rectifiers (cont'd ) 









Forward Current 








Voltage Drop 


Rev 


Recovery Time 
















Temp. 












RCA 




RMS 


Av. 


Surge 




VOltSQB 














TYPE 




F(RMS) 




'fsm 


Temp-Tfj 


V RRM 


Operating 


»F 


'F 


<rr 


'fm 


T C 






A 


A 


A 


°C 


V 


°C 


V 


A 


/AS 


A 


C 


D24 Types 


cont'd) 




















1N3889 




18 


12 


150 


100 


50 


-65 to 150 


14 


12 


0.20 




25 


1N3890 




18 


12 


150 


100 


100 


-65 to 150 


14 


12 


0.20 




25 


1N3891 




18 


12 


150 


100 


200 


-65 to 150 


14 


12 


0.20 




25 


1N3892 




18 


12 


150 


100 


300 


-65 to 150 


14 


12 


0.20 




25 


1N3893 




18 


12 


150 


100 


400 


-65 to 150 


14 


12 


0.20 




25 


D25 types 


D2520f 




30 


20 


300 


100 


50 


-40 to 150 


14 


20 


0.35 


63 


25 


D2520A 




30 


20 


300 


100 


100 


40 to 150 


14 


20 


0.35 


63 


25 


D2520B 




30 


20 


300 


100 


200 


-40 to 150 


14 


20 


0.35 


63 


25 


D2520C 




30 


20 


300 


100 


300 


■40 to 150 


14 


20 


0.35 


63 


25 


D2520D 




30 


20 


300 


100 


400 


40 to 150 


14 


20 


0.35 


63 


25 


D2520M 




30 


20 


300 


100 


600 


40 to 150 


14 


20 


0.35 


63 


25 


1N3899 




30 


20 


225 


100 


50 


-65 to 150 


14 


20 


0.20 




25 


1N3900 




30 


20 


225 


100 


100 


-65 to 150 


14 


20 


0.20 




25 


1N3901 




30 


20 


225 


100 


200 


-65 to 150 


14 


20 


020 




25 


1N3902 




30 


20 


225 


100 


300 


-65 to 150 


14 


20 


0.20 




25 


1N3903 




30 


20 


225 


100 


400 


-65 to 150 


14 


20 


0.20 




25 



1N3909 


45 


30 


300 


100 


50 


-65 to 150 


1.4 


30 


0.20 




25 


1N3910 


45 


30 


300 


100 


100 


-65 to 150 


14 


30 


0.20 




25 


1N3911 


45 


30 


300 


100 


200 


-65 to 150 


1.4 


30 


0.20 




25 


1N3912 


45 


30 


300 


100 


300 


-65 to 150 


1.4 


30 


0.20 




25 


1N3913 


45 


30 


300 


100 


400 


-65 to 150 


1.4 


30 


0.20 




25 



D2540F 


60 


40 


700 


165 


50 


40 to 150 


1.8 


100 


0.35 


125 


25 


D2540A 


60 


40 


700 


165 


100 


40 to 150 


1.8 


100 


0.35 


125 


25 


D2540B 


60 


40 


700 


165 


200 


40 to 150 


1.8 


100 


0.35 


125 


25 


D2540D 


60 


40 


700 


165 


400 


40 to 150 


1.8 


100 


0.35 


125 


25 


D2540M 


60 


40 


700 


165 


600 


40 to 150 


1.8 


100 


0.35 


125 


25 



t Reverse-polarity versions available 



Types of Recovery Characteristics 

During forward conduction, a 
silicon rectifier accumulates mi- 
nority charge carriers that result 
in the build-up of a stored charge 
in the device. If forward conduc- 
tion is immediately followed by 
the application of reverse voltage 
(as normally occurs in most cir- 
cuits), the rectifier cannot instan- 
taneously block the flow of re- 
verse current. The stored charge 
must first be removed before the 



rectifier can recover its reverse 
blocking capability. In the re- 
moval of the stored charge, the 
minority carriers are "swept out" 
by the reverse current and are 
eliminated by recombination with 
majority carriers. Conventional 
silicon rectifiers accumulate a 
significant amount of stored 
charge, and the minority carriers 
have a relatively long lifetime. 
Consequently, the amount of time 
required for the rectifier to re- 
cover its reverse blocking capa- 
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bility, i.e., the rectifier reverse- 
recovery time, is relatively long, 
as shown in Fig. 70. 




5/xs/DIV. 9?CS-2iH92 

Fig. 70-Reverse-recovery characteristics 
of a conventional silicon rectifier. 

In the design and fabrication of 
silicon rectifiers, the basic rec- 
tifier structure can be modified 
to reduce the lifetime of minority 
carriers. In such cases, the re- 
verse-recovery time of the rec- 
tifiers is dramatically decreased, 
as shown in Fig. 71. The exact 




ferent circuit configurations. In 
general, however, the basic forms 
of the recovery characteristics for 
fast-recovery rectifiers are as 
shown in Fig. 72. 

Fig. 72(a) shows the normal 
"soft" characteristic desired in 
most applications that require 
fast-recovery rectifiers. Although 
the reverse-current recovery is 
rapid, it occurs smoothly with no 
abrupt discontinuities. A mini- 
mum of ringing or rf radiation 
is produced by this type of re- 
covery characteristic. Fig. 72(b) 
shows a "snap" type of recovery 
characteristic. The reverse cur- 



5 ^s/DIV. 




Fig. 7 1 -Reverse-recovery characteristics 
of a silicon rectifier specially designed for 
fast recovery of its reverse blocking 
capability. 

shape of the recovery character- 
istics of fast-recovery rectifiers 
is a function of both device pro- 
cessing and the circuit in which 
the device is used, and these char- 
acteristics may differ significantly 
for different rectifier types or for 
the same rectifiers used in dif- 



.'.'.'.'.v.-.-.- 



0.2 jis/DIV. 
tcl 



Fig. 72-Basic forms of recovery character- 
istics for fast-recovery rectifiers: (a) 
normal "soft" characteristic; (b) "snap" 
characteristic; (c) "snap" characteristic 
with ringing oscillations . 
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rent rises to a peak value in the 
normal way, but then decays 
(snaps off) almost instantaneously 
to a value very near zero. If the 
peak value of the reverse current 
is relatively high, an appreciable 
amount of energy is contained in 
the harmonics generated by the 
snap-off. These harmonics may 
then produce radio-frequency 
interference in any sensitive, 
nearby radio or television receiv- 
ing equipment. In addition, if the 
inductance of the rectifier lead 
connection is significant, the 
snap-off may induce ringing in the 
lead inductance that may result 
in circuit malfunction. In severe 
cases, the rate of change of cur- 
rent through the lead inductance 
may be so rapid that the voltage 
induced may be large enough to 
destroy the rectifier. 

The recovery characteristics 
shown in Fig. 72(c) represent the 
extreme case of snap-off. The 
snap-off is so rapid that very high 
ringing voltages are induced. On 
the positive alternation of the 
ringing voltage, the rectifier is 
again driven into forward conduc- 
tion, and the device goes through 
another reverse-recovery period 
when the current passes through 
zero. The cycle is repeated sev- 
eral times with a gradually decay- 
ing magnitude until the positive 
alternations of the induced ring- 
ing voltage is too small to drive 
the rectifier into forward conduc- 
tion. The ringing, therefore, de- 
cays gradually somewhat like a 
damped sine wave. 

RCA fast-recovery rectifiers are 
designed to have a reverse- 
recovery characteristic similar to 



that shown in Fig. 72(a). This type 
of characteristic is achieved by 
use of carefully controlled gold- 
doping to reduce the lifetime of 
minority carriers and design of 
the junction geometry to prevent 
abrupt decreases in the peak neg- 
ative current. 

Recovery-Time Test Circuit 

Fig. 73(a) shows a circuit rec- 
ommended by the JEDEC Com- 
mittee (JC-22) on Power Recti- 
fiers for use in the measurement 
of rectifier recovery time. In this 
circuit, capacitor C is charged 
during the positive alternation 
of the input ac voltage. During the 
negative half-cycle, the silicon 



ADJUSTABLE 

60-Hz 

AC SUPPLY 



L 




SILICON JL 
RECT IFIER ▼ 

i 

SMALL 
NONINDUCTIVE 
CURRENT- 
MONITORING 
RESISTOR 
•AAVV 



o o 

WIDE-BAND 
OSCILLOSCOPE 



(a) 




10% I RM 



(b) 



92CS-2I295 



Fig. 73-JEDEC test circuit and waveform 
for rectifier reverse-recovery-time meas- 
urement. 
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controlled rectifier (SCR) is 
triggered, and capacitor C dis- 
charges through inductor L and 
the rectifier on which the re- 
covery-time measurements is be- 
ing made. The resultant test- 
current waveform is shown in 
Fig. 73(b). Inductor L and ca- 
pacitor C form a series resonant 
circuit so that the forward cur- 
rent through the rectifier is very 
nearly a half sine wave. The peak 
forward current I FM is specified 
as ir times the average rated 
value of the half-sine-wave cur- 
rent through the rectifier. The 
rate of decay of the forward cur- 
rent (— di/dt) is specified as the 
slope of a straight line that passes 
through the points I FM /2 and zero. 
Regardless of the value of the 
peak forward current, the di/dt 
value is specified as 25 amperes 
per microsecond for high-power 
stud-mounted rectifiers and 10 
amperes per microsecond for low- 
power lead-mounted rectifiers. 
For a true half-sine-wave pulse, 
the increment from I FM /2 to zero 
represents 30 electrical degrees, 
or one-sixth the total width of 
the forward-current pulse. The 
rate of decay of the forward cur- 
rent, therefore, can be expressed 
in terms of the overall pulse width 
(PW) as follows: 

di_ I FM /2 3I FM 
dt = (PW)/6 = PW 

(21) 

For stud-mounted rectifiers, 
the di/dt value is specified as 25 
amperes per microsecond. The 
pulse width, therefore, is defined 
by the following relationship: 

PW = 3W25 = 0.121pm (22) 



For lead-mounted rectifiers, the 
di/dt value is specified as 10 
amperes per microsecond, and 
the expression for the pulse width 
becomes 

PW = 3I FM /10 = 0.3I FM (23) 

The desired width of the cur- 
rent pulse is obtained by selec- 
tion of the proper values for L 
and C in the test circuit. The 
values of these components are 
determined from the following 
relationships: 

PW = irQLpf (24) 

C = I F M (PW)/tt V p (25) 

where V p is the peak voltage 
across the capacitor. 

The relationships expressed 
above all assume zero circuit 
losses. Some adjustment of the 
calculated values of L and C may 
be required to compensate for 
these losses. 

A typical practical circuit for 
measurement of the recovery time 
of a fast-recovery rectifier is 
shown in Fig. 74. The diode in 
parallel with the S6431M SCR in 
this circuit carries the reverse 
current through the LC circuit 
so that the reverse recovery 
characteristics of the rectifier are 
not affected by the reverse re- 
covery characteristic of the SCR. 

Many other circuits have been 
used for measuring reverse re- 
covery time. Fig. 75 shows one 
method which has been used as 
the basis for reverse-recovery 
data by some manufacturers. In 
this circuit, the forward-current 
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ISOLATION 
TRANSFORMER 



n 



0.5 A < 
125 V( 



► 117 V 






[60 Hz 


0-30 V 


'II7V 






feOHz 




>.NE5I 



6 



117 V 
60 Hz 



) NEON 
LAMP 




50-a OUTPUT 
TO OSCILLOSCOPE 
(WITH RISE 
TIME < 0.01 ^S) 



TRIGGER 
SIGNAL TO 
OSCILLOSCOPE 



notes; 

all resistance values are in ohms 
r m : monitoring resistor 

units interconnected with rg-58u cable 
with 50-s1 terminating resistor at input 
terminals of oscilloscope. 



Fig. 74-Test circuit for measurement of reverse-recovery time in which a bypass diode 
is used to assure that the recovery characteristic of the silicon rectifier is not affected 
by recovery characteristic of the SCR. 



supply and the associated resis- 
tors are adjusted to provide a 
specified value of forward cur- 
rent. The reverse-current supply 
is adjusted to supply a specified 
value of reverse-recovery current 
when switch S is closed. In some 
cases, the switch S and the re- 
verse-current supply are replaced 
by a pulse generator. 

Fig. 76 shows another circuit 
that is used by many manufactur- 
ers for measurement of rectifier 
reverse-recovery characteristics. 
This circuit is basically a modi- 
fication of the circuit shown in 
Fig. 75. The resistor Ri and the 
forward-current supply are se- 
lected to produce a specified value 
of forward current, and the resis- 



tor R2 and the reverse-current 
supply are selected to produce a 
specified value of reverse current. 

Unfortunately, most of the dif- 
ferent methods of measuring re- 
verse recovery time yield widely 
varying results. The values ob- 
tained depend on many factors, 
including the magnitude of for- 
ward current, the magnitude of 
reverse-recovery current, the 
point on the waveform at which 
recovery time is measured (usu- 
ally 10 per cent of peak reverse 
current), and the rate at which 
forward current decays toward 
zero (usually a function of cir- 
cuit layout, stray capacitance, 
and inductance). 

Correlation of reverse-recov- 
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+ o 

FORWARD- SILICON 
CURRENT RECTIFIER 
SUPPLY 
_/-> CURRENT- 
Y MONITORING 
RESISTOR 




T 

TO WIDE BAND 

OSCILLOSCOPE 




Fig. 75-Recover-time test circuit in which 
the forward-current supply and associ- 
ated resistors are adjusted for a speci- 
fied value of forward current. 



ery time measurements between 
equipments at different locations 
becomes difficult in circuits which 
produce very rapid rates of 
change in current (such as the 
circuit shown in Fig. 75). Seem- 
ingly minor changes in circuit 
layout can have a large effect on 
the measured reverse-recovery 
time. The circuit shown in Fig. 
73, which uses a half-sine-wave 
test-current pulse, yields results 
which are readily reproducible, 
even with widely differing circuit 
layouts. For this reason it is con- 
sidered the most meaningful 
method of evaluating the reverse- 
recovery characteristic of a rec- 
tifer. 

Typical Applications 

Fast-recovery rectifiers are 
useful in a wide variety of applica- 
tions. Perhaps the simplest use of 
these devices is as high-frequency 
rectifiers in applications such as 



( NI ) 

I — vw- 
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+o 
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RECTIFIER 
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I 1 R3 
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Fig. 76-Recovery-time test circuit in which the forward-current supply and reverse- 
current supply are adjusted for specified values of forward and reverse current, 

respectively. 
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portable power supplies and tele- 
vision receivers. The rectification 
efficiency of a high-frequency 
rectifier is directly dependent 
upon the reverse-recovery char- 
acteristics of the device. In high- 
frequency high-voltage supplies 
that require use of several series- 
connected rectifier p-n junctions, 
the problem becomes more com- 
plex than simply the achievement 
of maximum rectification effi- 
ciency. As described in the discus- 
sion of Multiple Rectifier Connec- 
tions, when the applied voltage 
across such a series-connected 
rectifier assembly goes negative, 
the rectifier junction that has the 
fastest recovery time will turn off 
first. This junction must then 
withstand the entire peak inverse 
voltage applied across the entire 
series combination until the sec- 
ond fastest and then other recti- 
fier junctions turn off. As pointed 
out previously, matched rectifier 
combinations or voltage equaliz- 
ing networks must be used to 
minimize the probability of rec- 
tifier failures because of varia- 
tions in recovery times. When 
current requirements are very 
small and rectifier recovery times 
are very short, it may be prac- 
tical not to use any special volt- 
age-equalization techniques. In 
such cases, the first rectifier junc- 
tion to turn off operates in a non- 
destructive avalanche mode until 
succeeding slower junctions turn 
off. 

Another common use of fast- 
recovery rectifiers is as "free- 
wheeling" diodes. In this type of 
application, a rectifier is normally 
connected across an inductive 



load and conducts current propor- 
tional to the energy stored in the 
inductance. This current flows 
when no power is supplied to the 
load and continues to flow until 
all energy stored in the inductor 
has been removed or until energy 
is again supplied to the induct- 
ance from the power source. 
Other names used for the free- 
wheeling diode include damper 
diode, flyback diode, feedback 
diode, and flywheel diode. 

Fig. 77 illustrates a common 
application of a free-wheeling 
diode. This figure shows a high- 



l-C 

COM MUTATING 
INDUCTANCE 




Fig. 77 '-High-frequency chopper circuit 
thai uses a free-wheeling diode. 

frequency chopper circuit that 
uses a free-wheeling diode to 
maintain current flow through the 
load during the off period of the 
SCR and to prevent the develop- 
ment of excessive voltage across 
the load. 

The damper diode in a televi- 
sion receiver is another applica- 
tion of the use of a fast-recovery 
rectifier to maintain current 
through an inductive load when 
no power is supplied to the load 
from the power supply. Fig. 78 
shows the diode connection for 
this type of application. During 
the first half of trace (left half 
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HORIZONTAL-OUTPUT 
TRANSISTOR 




DAMPER 
DIODE' 



"X" 



Ecc 



YOKE 
WINDING 



Fig. 78-Transistor horizontal output stage that uses a fast-recovery rectifier as the 

damper diode. 



of raster), the horizontal output 
transistor does not conduct, but 
current flows through the yoke 
inductance in the direction indi- 
cated. The damper diode provides 
a path for the yoke current until 
it decays to zero or until the 
transistor turns on to provide 
deflection current in the reverse 
direction for the second half of 
trace. 

A relatively new application of 
the fast-recovery rectifier is in 
SCR horizontal-deflection sys- 
tems for television receivers. 
Fig. 79 shows the basic circuit 



configuration for this type of ap- 
plication. Fast-recovery rectifiers 
are used for both the trace diode 
D t and the commutating diode 
D c . (A detailed analysis of the 
basic circuit is given later in this 
Manual in the section on SCR 
Horizontal-Deflection Systems.) 
Briefly, the basic function of the 
trace diode D, is much the same 
as that of the damper diode in 
the transistor deflection circuit. 
In addition, this diode conducts a 
portion of the commutating cur- 
rent from the commutating SCR 
for a short period just prior to 



PULSE FROM 
HORIZ.OSC 

JUL 




Fig. 79SCR horizontal-deflection circuit that uses fast-recovery rectifiers to aid in 
the trace and retrace switching functions. 
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the start of retrace to allow the 
trace SCR to recover its forward- 
blocking capability. During the 
second half of retrace, the energy 
stored in the yoke capacitor is 
returned to the yoke inductance 
through the commutating diode 
D c . During this period, the com- 
mutating SCR recovers its for- 
ward-blocking capability. 

Fast-recovery rectifiers are also 
frequently used in high-frequency 
inverters, especially those oper- 
ated with inductive loads, to im- 
prove circuit efficiency. Fig. 80 
shows an example of this applica- 
tion of fast-recovery rectifiers. 




LOAD 



Fig. 80-High-frequency inverter that uses 
fast-recovery rectifier to increase circuit 
efficiency . 

In this circuit, fast-recovery rec- 
tifiers Di and D2 feed back re- 
active power to the dc power sup- 
ply. If the load is inductive, the 
energy stored in the load at the 
end of each half-cycle of ac volt- 
age is returned to the power sup- 
ply at the start of the next half- 
cycle. If the load is capacitive, the 
energy stored in the load at the 
start of each half-cycle is returned 
to the power supply during the 



second half of the same half- 
cycle. A complete inverter that 
employs this basic technique is 
described in detail in the section 
on SCR Inverters and Converters. 



OTHER SPECIAL-FUNCTION 
RECTIFIERS 

In addition to fast-recovery 
types, other rectifiers that exhibit 
unique characteristics can be ob- 
tained by special contouring of 
the basic silicon-rectifier junc- 
tion structure, by use of special 
processing techniques, or by se- 
lective testing. This group in- 
cludes controlled-avalanche rec- 
tifiers, voltage-reference (zener) 
diodes, and compensating diodes. 

Controlled-Avalanche 
Rectifiers 

Controlled-avalanche types are 
recommended for silicon-rectifier 
applications in which the ability 
to withstand high-voltage tran- 
sients is an important design 
consideration. In controlled-ava- 
lanche rectifiers, the voltage at 
which avalanching occurs is pre- 
determined during manufacture 
by precise control of the resis- 
tivities (i.e., doping-impurity con- 
centrations) in the junction areas 
and by careful attention to the 
geometry of the silicon pellet. 

In the manufacture of con- 
trolled-avalanche rectifiers, spe- 
cial care is taken to assure ex- 
ceptional regularity of the silicon 
pellet and an even distribution of 
impurities in both the n- and 
p-type regions of the semicon- 
ductor junction. In addition, the 
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edges of the silicon p-n junction 
are shaped to reduce the inten- 
sity of localized electric fields at 
the junction surface. These con- 
ditions assure that breakdown 
will be uniform across the entire 
junction area rather than concen- 
trated at weak spots close to the 
junction surface. Such uniform 
avalanching, when maintained 
within acceptable limits, is not 
destructive. 

Extensive tests of controlled- 
avalanche rectifiers permit pre- 
cise predictions of the behavior 
of these devices under high- 
reverse-voltage conditions. The 
rectifiers are tested to determine 
their ability to withstand high- 
voltage transients and are sub- 
jected to life tests to determine 
their capability for sustained op- 
eration in the avalanche region. 
The slope of the current-voltage 
curve in the avalanche region de- 
fines the dissipation level at the 
onset of avalanche breakdown 
and also the maximum dissipation 
level that the rectifiers are rated 
to withstand under reverse-bias 
conditions. 

Within the specified ratings, 
controlled-avalanche rectifiers 
can safely absorb large bursts 
of energy, such as may result 
from abrupt switching of induc- 
tive circuits. 

Voltage-Reference Diodes 

Voltage-reference or zener 
diodes are silicon rectifiers in 
which the reverse current re- 
mains small until the breakdown 
voltage is reached and then in- 
creases rapidly with litte further 
increase in voltage. The sche- 



matic symbol for a zener diode is 
shown in Fig. 81; a typical zener 
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Fig. 8lSchematic symbol for a zener 
diode. 

characteristic curve is shown in 
Fig. 82. The breakdown voltage 
is a function of the diode material 
and construction, and can be var- 
ied from one volt to several hun- 
dred volts for various current and 
power ratings, depending on the 
junction area and the method of 
cooling. Voltage-reference diodes 
are useful as stablizing devices 
and as reference sources capable 
of supplying extremely constant 
current loads. 

Voltage-reference diodes are 
widely used in electronic voltage 
regulators, bias-stabilization net- 
works for audio power amplifiers, 
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Fig. 82-Typical characteristic curve for 
a zener diode. 
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and other applications that require 
a fixed voltage reference. Fig. 83 
illustrates the use of a zener diode 
as the voltage-reference element 
in a simple voltage regulator that 
consists merely of a transistor, 
a resistor, and the zener diode. 




Fig. 83Simple transistor voltage regula- 
tor that uses a zener diode as the voltage- 
reference element. 



The zener diode maintains the 
base of the transistor at a constant 
voltage, and changes in the output 
can result only from variations 
in the transistor base-to-emitter 
voltage with current and tempera- 
ture. If large currents are drawn 
from the transistor, a zener diode 
that has a high current rating is 
required for this application. 

Compensating Diodes 

Low-power silicon rectifiers, 
such as the RCA D1300 series, 
are frequently used as compen- 
sating diodes in bias stabilization 
networks for transistor amplifier 
and oscillator circuits. Excellent 
stabilization of collector current 
for variations in both supply volt- 
age and temperature can be ob- 
tained by the use of a compen- 
sating diode operating in the for- 
ward direction in the bias network 
of amplifier or oscillator circuits. 



Fig. 84 shows the transfer charac- 
teristics of a transistor; Fig. 85 
shows the forward characteristics 
of a compensating diode. In a 
typical circuit, the diode is biased 
in the forward direction; the oper- 
ating point is represented on the 
diode characteristics by the 
dashed horizontal line. The diode 
current at this point determines 
a bias voltage which establishes 
the transistor idling current. This 
bias voltage shifts with varying 
temperature in the same direction 
and magnitude as the transistor 
characteristic, and thus provides 
an idling current that is essentially 
independent of temperature. 




BASE-TO-EMITTER VOLTAGE — mV 

92CS-2I306 

Fig. 84-Transfer characteristics of tran- 
sistor. 

The use of a compensating 
diode also reduces the variation in 
transistor idling current as a result 
of supply-voltage variations. Be- 
cause the diode current changes 
in proportion with the supply 
voltage, the bias voltage to the 
transistor changes in the same 
proportion and idling-current 
changes are minimized. Compen- 
sating diodes can maintain tran- 
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Fig. 85-Forward characteristics of com- 
pensating diode. 

sistor bias voltages within ± 0.015 
volt of a desired value despite 
supply- voltage variations of up to 
40 per cent, and can simultane- 
ously compensate for ambient- 
temperature changes over the 
range from - 20°C to +71°C. 

Fig. 86 shows a diode biasing 
network for a transistor amplifier 
circuit. This network stabilizes 
the transistor collector current 




Fig. 86-Transistor bias network that 
uses a voltage-compensating diode. 



and supply voltage. The forward- 
biased diode current determines a 
bias voltage which establishes the 
transistor idling current (collector 
current under no-signal condi- 
tions). As the temperature in- 
creases, this bias voltage de- 
creases. Because the transistor 
characteristic also shifts in the 
same direction and magnitude, 
however, the idling current re- 
mains essentially independent of 
temperature. Temperature stabil- 
ization with a properly designed 
diode network is substantially 
better than that provided by most 
thermistor bias networks. Any 
temperature-stabilizing element 
should be thermally close to the 
transistor being stabilized. 

In addition, the diode bias cur- 
rent varies in direct proportion with 
changes in supply voltage. The 
resultant change in bias voltage 
is small, however, so that the 
idling current also changes in di- 
rect proportion to the supply volt- 
age. Supply-voltage stabilization 
with a diode biasing network re- 
duces current variation to about 
one-fifteenth that obtained when 
resistor or thermistor bias is used 
for a silicon transistor. 

The diode bias network shown 
in Fig. 86 is generally used in 
class B circuits. The bias resistor 
values for class B circuits are 
generally much lower than those 
for class A circuits. 
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Basic Thyristor Design and 

Rating Factors 



The basic potential-energy re- 
lationships that make possible the 
bistable switching in SCR's, gate- 
turn-off SCR's (GTO's), and tri- 
acs were explained in the section 
on General Physical Theory. In 
essence, the SCR is a unidirec- 
tional device that may be used for 
both ac and dc functions, and the 
triac is a bidirectional device that 
is used mainly for ac functions. 
The GTO differs from the con- 
ventional SCR in that it is de- 
signed to turn off with the applica- 
tion of a negative voltage to the 



gate electrode, without reducing 
anode voltage. 

PELLET STRUCTURES 

Fig. 87 shows a cross-sectional 
diagram of a typical RCA SCR 
pellet. The shorted-emitter con- 
struction used in RCA SCR's can 
be recognized by the metallic 
cathode electrode in direct con- 
tact with the p-type base layer 
around the periphery of the pellet. 
The gate, at the center of the pel- 
let, also makes direct metallic 




EMITTER 



Fig. 87-Cross section of a typical SCR pellet. 
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contact to the p-type base so that 
the portion of this layer under 
the n-type emitter acts as an 
ohmic path for current flow be- 
tween gate and cathode. Because 
this ohmic path is in parallel with 
the n-type emitter junction, cur- 
rent preferentially takes the 
ohmic path until the IR drop in 
this path reaches the junction 
threshold voltage of about 0.8 
volt. When the gate voltage ex- 
ceeds this value, the junction cur- 
rent increases rapidly, and injec- 
tion of electrons by the n-type 
emitter reaches a level high 
enough to turn on the device. 

In addition to providing a pre- 
cisely controlled gate current, the 
shorted-emitter construction also 
improves the high-temperature 
and dv/dt (maximum allowable 
rate of rise of off-state voltage) 
capabilities of the device. The 
junction depletion layer acts as 
a parallel-plate capacitor which 
must be charged when blocking 
voltage is applied. Because the 
charging, or displacement, cur- 
rent (i = Cdv/dt) into this capac- 
itor varies as the rate of rise of 
forward voltage (dv/dt), a very 
high dv/dt can result in a high 
current between anode and cath- 
ode. If this current crosses the 
n-type emitter junction and is of 
the same order of magnitude as 
the gate current, it can trigger the 
device into the conducting state. 
Such unwanted triggering is mini- 
mized by the shorted-emitter con- 
struction because the peripheral 
contact of the p-type base to 
the cathode electrode provides a 
large-area parallel path by which 
the dv/dt current can reach the 



cathode electrode without cross- 
ing the n-type emitter junction. 
(The critical dv/dt value for thy- 
ristors is discussed more fully in 
a subsequent paragraph.) 

The center-gate construction of 
the SCR pellet provides fast turn- 
on and high di/dt capabilities i.e., 
maximum rate of rise of forward 
current. (Thyristor turn-on char- 
acteristics and di/dt capabilities 
are explained later in this section.) 
In an SCR, conduction is initiated 
in the cathode region immediately 
adjacent to the gate contact and 
must then propagate to the more 
remote regions of the cathode. 
Switching losses are influenced 
by the rate of propagation of con- 
duction and the distance conduc- 
tion must propagate from the gate. 
With a large central gate, all re- 
gions of the cathode are in close 
proximity to the initially conduct- 
ing region so that propagation 
distance is significantly de- 
creased; as a result, switching 
losses are minimized. 

Fig. 88 shows a cross-sectional 
diagram of a typical RCA triac 
pellet. In this device, the main- 
terminal-No. 1 electrode makes 
ohmic contact to a p-type emitter 
as well as to an n-type emitter. 
Similarly, the main-terminal-No. 
2 electrode also makes ohmic con- 
tact to both types of emitters, 
but the p-type emitter of the 
main-terminal-No. 2 side is lo- 
cated opposite the n-type emit- 
ter of the main-terminal-No. 1 
side, and the main-terminal-No. 
2 n-type emitter is opposite the 
main-terminal-No. 1 p-type emit- 
ter. The net result is two four- 
layer switches in parallel, but 
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Fig. 88-Cross section of a typical triac pellet. 



oriented in opposite directions, in 
one silicon pellet. This type of 
construction makes it possible for 
a triac either to block or to con- 
duct current in either direction 
between main terminal No. 1 and 
main terminal No. 2. 

The gate electrode also makes 
contact to both n- and p-type re- 
gions. As a result, the device can 
be triggered by either positive or 
negative gate signals, for either 
polarity of voltage between the 
main-terminal electrodes. When 
the triac is triggered by a positive 
gate signal, conduction is ini- 
tiated, as in the SCR, by injection 
of electrons from the main-termi- 
nal-No. 1 n-type emitter, and the 
gate n-type region is passive. The 
gate n-type region becomes active 
when the triac is triggered by a 
negative gate signal, because it 
then acts as the n-type emitter of 
a grounded-base n-p-n transistor. 
Electrons injected from this re- 
gion enter the n-type base and 
cause a forward bias on one of 
the p-type emitters, depending on 



which is at the positive end of the 
voltage between the main-termi- 
nal electrodes. 

The cathode of an SCR and the 
main terminal No. 1 of a triac 
are fully covered by a relatively 
heavy metallic electrode. This 
electrode provides a low-resist- 
ance path to distribute current 
evenly over the cathode or main- 
terminal-No. 1 area and serves as 
a thermal capacitor to absorb heat 
generated by high surge or over- 
load currents. Junction-tempera- 
ture excursions that result from 
such conditions are, therefore, 
held to a minimum. 

PRINCIPAL VOLTAGE- 
CURRENT CHARACTERISTICS 

The principal voltage-current 
characteristics of SCR's, gate- 
turn off SCR's (GTO's) and triacs 
indicate that these devices are 
ideal for power switching applica- 
tions. When the voltage across the 
main terminals of either type of 
thyristor is below the breakover 
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point, the current through the 
device is extremely small, and the 
thyristor is effectively an open 
switch. When the voltage across 
the main terminals increases to 
a value exceeding the breakover 
point, the thyristor switches to its 
high-conduction state and is ef- 
fectively a closed switch. The thy- 
ristor remains in the on state until 
the current through the main 
terminals drops below a value 
which is called the holding cur- 
rent. At this point, the thyristor 
reverts back to the high-imped- 
ance off state. 

SCR Characteristic 

Fig. 89 shows the principal volt- 
age-current characteristic curve 
for an SCR. This curve shows 
that the operation of an SCR un- 
der reverse-bias conditions (anode 
negative with respect to cathode) 
is very similar to that of reverse- 
biased silicon rectifiers or other 
solid-state diodes. In this bias 
mode, the SCR exhibits a very 
high internal impedance, and only 
a slight amount of reverse cur- 
rent, called the reverse blocking 
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Fig. 89-Principal voltage-current char- 
acteristic for an SCR. 



current, flows through the p-n-p-n 
structure. This current is very 
small until the reverse voltage ex- 
ceeds the reverse breakdown volt- 
age; beyond this point, however, 
the reverse current increases 
rapidly. The value of the reverse 
breakdown voltage differs for in- 
dividual SCR types. 

During forward-bias operation 
(anode positive with respect to 
cathode), the p-n-p-n structure of 
the SCR is electrically bistable 
and may exhibit either a very high 
impedance (forward-blocking or 
off state) or a very low imped- 
ance (forward-conducting or on 
state). In the forward-blocking 
state, a small forward current, 
called the forward off-state cur- 
rent, flows through the SCR. The 
magnitude of this current is ap- 
proximately the same as that of 
the reverse-blocking current that 
flows under reverse-bias condi- 
tions. As the forward bias is in- 
creased, a voltage point is reached 
at which the forward current in- 
creases rapidly, and the SCR 
switches to the on state. This 
value of voltage is called the for- 
ward breakover voltage. 

When the forward voltage ex- 
ceeds the breakover value, the 
voltage drop across the SCR 
abruptly decreases to a very low 
value, referred to as the forward 
on-state voltage. When an SCR 
is in the on state, the forward 
current is limited primarily by 
the impedance of the external cir- 
cuit. Increases in forward current 
are accompanied by only slight in- 
creases in forward voltage when 
the SCR is in the state of high 
forward conduction. 
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GTO Characteristic 



Triac Characteristic 



Fig. 90 shows the anode-to- 
cathode voltage-current charac- 
teristic and the gate-to-cathode 
voltage-current characteristic of 
a GTO. 
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Fig. 90-(a) anode-to-cathode voltage- 
current characteristic, and (h) gate-to- 
cathode voltage-current characteristic 
of a gate-turn-off SCR. 



A triac exhibits the forward- 
blocking, forward-conducting, 
voltage-current characteristic of 
a p-n-p-n structure for either di- 
rection of applied voltage, as 
shown in Fig. 91. This bidirec- 
tional switching capability results 
because, as mentioned previous- 
ly, a triac consists essentially of 
two p-n-p-n devices of opposite 
orientation built into the same 
crystal. The device, therefore, 
operates basically as two SCR's 
connected in parallel, but with the 
anode and cathode of one SCR 
connected to the cathode and 
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Fig. 9I-Principa! voltage-current char- 
acteristic for a triac. 



anode, respectively, of the other 
SCR. As a result, the operating 
characteristics of the triac in the 
first and third quadrants of the 
voltage-current characteristics 
are the same, except for the di- 
rection of current flow and ap- 
plied voltage. The triac charac- 
teristics in these quadrants are 
essentially identical to those of 
an SCR operated in the first quad- 
rant. For the triac, however, the 
high-impedance state in the third 
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quadrant is referred to as the 
off state rather than as the re- 
verse-blocking state. Because of 
the symmetrical construction of 
the triac, the terms forward and 
reverse are not used in reference 
to this device. 

EFFECT OF GATE SIGNAL 
ON BREAKOVER VOLTAGE 

The breakover voltage of a thy- 
ristor can be varied, or controlled, 
by injection of a signal at the gate 
terminal. Fig. 92 shows curves of 
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Fig. 92-Thyristor breakover as a function 
of gate current. 



breakover as a function of gate 
current for first-quadrant opera- 
tion of an SCR. A similar set of 
curves can be drawn for both the 
first and the third quadrant to 
represent triac operation. 

When the gate current I g is zero, 
the applied voltage must reach 
the breakover voltage of the SCR 
or triac before switching occurs. 
As the value of gate current is 
increased, however, the ability of 
a thyristor to support applied volt- 
age is reduced and there is a 
certain value of gate current at 
which the behavior of the thy- 
ristor closely resembles that of a 
rectifier. Because thyristor turn- 



on, as a result of exceeding the 
breakover voltage, can produce 
instantaneous power dissipation 
during the switching transition, 
the device may be damaged unless 
the magnitude and rate of rise of 
principal current is restricted to 
tolerable levels. For normal oper- 
ation, therefore, thyristors are 
operated at applied voltages lower 
than the breakover voltage, and 
are made to switch to the on state 
by gate signals of sufficient ampli- 
tude to assure complete turn-on 
independent of the applied volt- 
age. Once the thyristor is trig- 
gered to the on state, the princi- 
pal-current flow is independent of 
gate voltage or gate current, and 
the device remains in the on state 
until the principal-current flow is 
reduced to a value below the hold- 
ing current required to sustain 
regeneration. 

The gate voltage and current re- 
quired to switch a thyristor from 
its high-impedance (off) state to 
its low-impedance (on) state at 
maximum rated forward anode 
current can be determined from 
the circuit shown in Fig. 93. Re- 
sistor R2 is selected so that the 
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Fig. 93-Circuit used to measure thyristor 
gate voltage and current switching thres- 
hold. 
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anode current specified in the 
manufacturer's ratings flows 
when the device latches into its 
low-impedance or on state. The 
value of Ri is gradually decreased 
until the device under test is 
switched from its off state to its 
low-impedance or on state. The 
values of gate current and gate 
voltage immediately prior to 
switching are the values required 
to trigger the thyristor. For an 
SCR, there is only one mode of 
gate firing capable of switching 
the device into the on state, a 
positive gate signal for a positive 
anode voltage. If the gate polarity 
is reversed (negative voltage), the 
reverse current flow is limited by 
the value of R2 and the gate- 
cathode internal shunt. The value 
of power dissipated for the re- 
verse gate polarity is restricted 
to the maximum power-dissipa- 
tion limit imposed by the manu- 
facturer. 

A triac can be triggered by 
either a positive or a negative gate 
signal regardless of the polarity 
of the voltage across the main 
terminals of the device. The direc- 
tion of the principal current, how- 
ever, influences the gate trigger 
current; as a result, the magni- 
tude of current required to trigger 
the triac differs for each triggering 



mode. The triggering modes in 
which the principal current is in 
the same direction as the gate 
current require less gate current 
than the triggering modes in 
which the principal current is in 
opposition to the gate current. 
The directions of the gate current 
and the principal current for each 
triggering mode are indicated in 
the junction diagrams shown in 
Fig. 21 in the section on Gen- 
eral Physical Theory. For 
convenience, Fig. 94 shows these 
current directions in relation to 
the schematic symbol of a triac. 

RATINGS AND LIMITING 
CHARACTERISTICS 

Thyristors must be operated 
within the maximum ratings 
specified by the manufacturer to 
assure best results in terms of per- 
formance, life, and reliability. 
(The ratings specified by thyristor 
manufacturers are based on the 
absolute maximum system. 
Absolute maximum ratings 
are defined in the section on 
Silicon Rectifiers.) These 
ratings define limiting values, 
determined on the basis of exten- 
sive tests, that represent the best 
judgment of the manufacturer of 
the safe operating capability of 
the device. The manufacturer also 
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Fig. 94-Gating conditions for each of the four triggering modes of a triac. 
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specifies a number of device char- 
acteristics, which are directly 
measurable properties that define 
the inherent qualities and traits 
of the thyristor. Some of these 
characteristics are important 
factors in the determination of the 
maximum ratings and in the pre- 
diction of the performance, life, 
and reliability that the thyristor 
can provide in a given application. 
Table XI lists the important rat- 
ings and limiting characteristics 
and indicates the symbols norm- 
ally used to specify the safe oper- 
ating capabilities of thyristors. 



Voltage Breakdown 

All thyristor structures consist 
of one relatively wide, lightly 
doped base region between two 
more heavily doped regions of 
opposite impurity type. This 
lightly doped base region sup- 
ports the main blocking voltage 
in both directions. The choice of 
design parameters (width and 
doping) for this base has the 
most fundamental effect on all 
thyristor electrical properties be- 
cause blocking voltages, on-state 
voltage, power dissipation, and 



Table XI — Ratings and Limiting Characteristics for Thyristors 



T(RMS) 



Quantity Symbol 

Ambient temperature T A 

Case temperature T c 

Junction temperature Tj 

Storage temperature T stg 

Thermal Resistance R 9 

Junction to ambient R eJ _ A 

Junction to case "ej-c 

Case-to-ambient R9C-A 

Case-to-heat sink "ec-s 

Transient thermal impedance R wt ) 

Junction-to-ambient R 9J . A (t) 

Junction-to-case fytf-C (t) 
On-state current: 
Total rms value 

DC value, no alternating component 
DC value, with alternating component 
Instantaneous total value 
Maximum (peak) total value 
Surge (non-repetitive) 
Overload 

Breakover current: 

DC value, no alternating component l (B0) 

Instantaneous total value i, BO | 

Off-state current: 

Total rms value 'ehrmS) 

DC value, no alternating component l D 

DC value, with alternating component Irj(AV) 

Instantaneous total value i D 

Maximum (peak) total value l DM 

Repetitive peak 'drM 

Reverse current: 

Total rms value 'r(RMS) 

DC value, no alternating component l R 

DC value, with alternating component Ir(av) 

Instantaneous total value i R 



•t(AV) 

h 

'tm 
'tsm 

't(OV) 



'RM 

'rrm 

'(BR)R 
'(BR)R 



Quantity Symbol 

Maximum (peak) total value 

Repetitive peak 
Reverse breakdown current: 

DC value, no alternating component 

Instantaneous total 
On-state voltage: 

Total rms value 

DC value, no alternating component 

DC value, with alternating component 

Jnstantaneous total value 

Maximum (peak) total value 
Breakover voltage: 

DC value, no alternating component 

Instantaneous total value 
Off-state voltage: 

Total rms value 

DC value, no alternating component 
DC value, with alternating component 
Instantaneous total value 
Maximum (peak) total value 
Working peak 
Repetitive peak 

Repetitive peak, with gate open 
Non-repetitive peak 
Non-repetitive peak with gate open 

Reverse voltage: 
Total rms value V R(RMS) 
DC value, no alternating component V R 
DC value, with alternating component V R ( AV ) 
Instantaneous total value V R 
Maximum (peak) total value V RM 
Working peak Vrwm 
Repetitve peak, with specified gate- 
to-cathode resistance v rrm 



V T(RMS) 
V X 

VT(AV) 

"t 
Vtm 

V(BO) 
V (BO) 

V D(RMS) 
V D 

V D(AV) 

v D 

V DM 

V DWM 

V DRM 

V DROM 

V DSM 

V DSOM 
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Quantity Symbol 

Repetitive peak, with gate open V RRO m 
Non-repetitive peak, with specified 

gate-to-cathode resistance V RSM 

Non-repetitive peak, with gate open V rs q m 

Reverse breakdown voltage: 

DC value, no alternating component V (BR)R 

Instantaneous total V( BR j R 

Holding current: 

DC value, no alternating component l H 

Instantaneous total value i H 

Latching current: 

DC value, no alternating component l L 

Instantaneous total value i[ 

Gate current: 

DC value, no alternating component l G 

DC value, with alternating component Iq(av) 

Maximum (peak) total value l GM 

Gate trigger current: 

DC value, no alternating component 1 GT 

Maximum (peak) total value l GXM 



switching speeds all stem from 
the design of this region. 

Voltage breakdown is the most 
important design criterion for a 
thyristor. Voltage initiated turn- 
on can occur as a result of ava- 
lanche breakdown or voltage 
punch-through. ( An exc essive 
rate^of_xise- ^f off-state voltage 
can also initiate thyristor turn- 
on, as explained subsequently in 
the discussion on Critical 
Rate of Rise of Off-state Voltage.) 

Avalanche breakdown occurs 
when the electric field in the 
depletion region reaches the criti- 
cal field at which carriers travel- 
ing in the field gain sufficient 
energy between collisions to gen- 
erate additional carriers when 
collision occurs. Avalanche volt- 
age increases with lighter dop- 
ing. Fig. 95(a) illustrates the 
avalanche-breakdown condition. 



Quantity Symbol 



Gate non-trigger current: 




DC value, no alternating component 


'gd 


Maximum (peak) total value 


'gdm 


Gate voltage: 




DC value, no alternating component 


v G 


Maximum (peak) total value 


V GM 


Gate trigger voltage: 




DC value, no alternating component 


Vgt 


Instantaneous total value 


Vgt 


Maximum (peak) total value 


V GTM 


Gate non-trigger voltage: 




DC value, no alternating component 


Vgd 


Instantaneous total value 


Vgd 


Maximum (peak) total value 


v gdm 


Gate power dissipation: 




DC value, no alternating component 


P G 


DC value, with alternating component 


P G(AV) 


Instantaneous total value 


PG 


Maximum (peak) total value 


P GM 



I n- ) I n* ) 

P 




P* 



(a) 



I n+ ) I n+ J 

P 




Fig. 95-(a) Avalanche-breakdown and (b) 
voltage punch-through conditions. 
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Fig. 95(b) provides a diagram- 
matic representation of voltage 
punch-through. Punch-through 
may occur with an excess block- 
ing voltage of a polarity for 
which turn-on is possible. The 
blocking voltage causes the de- 
pletion region to spread to such 
an extent that it encompasses 
the p-type emitter. When this 
spreading occurs, a free flow of 
holes into the depletion region is 
possible, and turn-on results. In 
contrast to avalanche breakdown, 
punch-through voltage is in- 
creased by heavier doping and 
wider base widths. In a transis- 
tor, punch-through is always des- 
tructive; in a thyristor, it may 
not be. 

The conflicting demands on im- 
purity concentration imposed by 
avalanche-breakdown and punch- 
through considerations suggests 
that some optimum range of base 
width and doping should be 



selected for any specific design- 
voltage objective. Fig. 96 shows 
a basic design chart that may be 
used to determine this optimum 
range. In this chart, the impurity 
concentration is shown on the 
horizontal axis, and the break- 
down voltage is shown on the 
vertical axis. Optimum ranges of 
material resistivity and base 
width are shown for various 
punch-through values. The maxi- 
mum voltage for any range 
chosen is limited by avalanche 
considerations. The chart shows 
that avalanche breakdown volt- 
age increases with a reduction 
in impurity concentration, but 
that punch-through voltage is de- 
creased for this condition. 

The important point illustrated 
by the chart is that for a prac- 
tical range of base-material re- 
sistivity, a specific base width is 
required for each voltage class. 
Thus, a small SCR intended for 
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logic applications below 200 volts 
might have an acceptable base 
width of 1.5 mils and a base-ma- 
terial resistivity in the neighbor- 
hood of 10 ohm-centimeters. A 
1500-volt device would require a 
base thickness of 8 mils or more 
and a base-material resistivity of 
50 ohm-centimeters or more. Be- 
cause the wider base width in- 
creases on-state voltage, power 
dissipation, and thermal resist- 
ance, and decreases surge rating 
and switching speeds, this choice 
is a fundamental consideration 
and must be optimized for each 
voltage class, as a compromise 
between voltage and other char- 
acteristics. 

Off-State Voltage 
Ratings 

The voltage ratings of thyris- 
tors are given for both steady- 
state and transient operation and 
for forward- and (SCR only) re- 
verse-blocking conditions. For 
SCR's, voltages are considered to 
be in the forward or positive di- 
rection when the anode is posi- 
tive with respect to the cathode. 
Negative voltages for SCR's are 
referred to as reverse-blocking 
voltages. F or tr iacs^j/oltages are 
considered to be positive when 
main terminal No. 2 is positive 
with respect to main terminal 
No, 1, Alternatively, this condi- 
tion may be referred to as opera- 
tion in the first quadrant. 

When the voltage applied to a 
thyristor is in the polarity for 
which switching to the on state 
is possible, the voltage-blocking 
capability of the device is tem- 
perature-sensitive. The maximum 



junction temperature for thyris- 
tors is usually between 100°C and 
150°C. The selection of the maxi- 
mum operating temperature rep- 
resents a compromise which as- 
sures that a sufficient number of 
devices provide the required 
blocking-voltage capability (for 
which a low junction temperature 
is desirable) and which allows the 
highest possible current rating for 
the thyristors (for which a high 
junction temperature is desir- 
able). Increases in junction tem- 
perature above this maximum 
value result in a greater reliability 
stress and adversely affect the 
switching characteristics of thy- 
ristors. 

Peak OFF/State Voltages —The 
repetitive peak off-state voltage 
V D rom is the maximum value of 
off-state voltage that the thyristor 
should be required to block under 
the stated conditions of temper- 
ature and gate-to-cathode resist- 
ance. If this voltage is exceeded, 
the thyristor may switch to the on 
state. The circuit designer should 
make sure that the rating is not 
exceeded to assure proper opera- 
tion of the thyristor. 

The effect of increased temper- 
ature is accentuated in thyristors 
because of the regenerative action 
upon which the operation of these 
devices is dependent. Thermally 
generated currents tend to be mul- 
tiplied. If this blocking current 
crosses the gate-to-cathode junc- 
tion, its effect on the thyristor is 
similar to that of the gate current 
and thus tends to reduce the 
breakover voltage V B0 . For this 
reason, off-state voltage ratings 
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are specified at the maximum 
rated junction temperature. 

A gate-to-cathode shunting re- 
sistance can be used to provide a 
path for the blocking current that 
bypasses the gate-to-cathode 
junction. The use of this shunt re- 
sistance improves the off-state 
blocking capability, but reduces 
the gate sensitivity. Off-state 
voltage ratings, therefore, are 
usually specified with the gate 
open to represent worst-case con- 
ditions. 

Under relaxed conditions of 
temperature or gate impedance, 
or when the blocking capability 
of the thyristor exceeds the speci- 
fied rating, it may be found that a 
thyristor can block voltages far in 
excess of its repetitive peak off- 
state voltage rating V DROM . Be- 
cause the application of an ex- 
cessive voltage to a thyristor may 
damage it, an absolute upper limit 
should be imposed on the amount 
of voltage that may be applied to 
the main terminals of the device. 
This voltage rating is referred to 
as the nonrepetitive peak off-state 
voltage V DS0M . It should be noted 
that the maximum (peak) total off- 
state voltage V DM has a single 
rating irrespective of the voltage 
grade of the thyristor. This rating 
is a function of the construction of 
the thyristor and of the surface 
properties of the pellet. The V DM 
rating should not be exceeded 
under either continuous or trans- 
ient conditions. 

Fig. 97 shows a simple, inex- 
pensive test circuit that may be 
used to valuate the off-state 
voltage capabilities of thyristors. 
(The circuit may also be used for 



reverse-blocking and leakage tests 
of thyristors.) Resistor Ri and 
capacitor Ci are included in the 
test circuit to limit the rate of 
rise of applied voltage to the thy- 
ristor under test. Resistor R2 
limits the discharge of capacitor 
Ci through the thyristor in the 
event that the thyristor is turned 
on during the test. Resistor R3 
provides a discharge path for 
capacitor Ci. 




92CS-2I3Z9 



Fig. 97-Test circuit used to determine 
dc forward- and reverse-voltage-blocking 
capabilities and leakage current of 
thyristors. 

The GTO provides less regen- 
erative gain than most conven- 
tional SCR's; the high- tempera- 
ture blocking capability of the 
GTO, therefore, is less sensitive 
to leakage currents that tend to 
reduce the breakover-voltage 
value and inadvertently cause the 
device to switch to the on state. 
The GTO, therefore, also has 
improved dv/dt characteristics, 
i.e., can withstand a faster rate 
of rise of off-state voltage with- 
out inadvertent switching to the 
on state. 

Reverse Voltages (For 
SCR's) — Reverse- voltage ratings 
are given for SCR's to provide 
operating guidance in the third 
quadrant, or reverse-blocking 
mode. 

The repetitive peak reverse volt- 
age V RSOM is the maximum allow- 
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able value of reverse voltage, in- 
cluding all repetitive transient 
voltages, that may be applied to 
the SCR or GTO. Because reverse 
power dissipation is small at this 
voltage, the rise in junction tem- 
perature because of this reverse 
dissipation is very slight and is 
accounted for in the rating of the 
SCR. 

The nonrepetitive peak reverse 
voltage V RS0M is the maximum 
allowable value of any nonrepeti- 
tive transient reverse voltage 
which may be applied to the SCR. 
These nonrepetitive transient 
voltages are allowed to exceed the 
steady state ratings, even though 
the instantaneous power dissipa- 
tion can be significant. While the 
transient voltage is applied, the 
junction temperature may in- 
crease, but removal of the trans- 
ient voltage in a specified time 
allows the junction temperature to 
return to its steady-state operating 
temperature before a thermal run- 
away occurs. 



The test circuit shown in Fig. 
97 may be used for reverse volt- 
age tests of an SCR. 

Maximum Junction 
Temperature 

The maximum junction tem- 
perature is the second most im- 
portant consideration in thyristor 
design. Several factors must be 
considered in determination of a 
maximum junction-temperature 
rating, as indicated in Fig. 98. 

At the upper end of the tem- 
perature scale, the maximum al- 
lowable junction temperature is 
restricted by material limits de- 
fined not so much by the silicon, 
but by peripheral materials such 
as the solders used on the pellet 
in lead attachments, encapsulat- 
ing resins, and plastic package 
materials, where used. Tempera- 
ture excursions into this area 
cause material and structural 
damage. 



SWITCHING BLOCKING 
QUADRANT THERMAL 
BREAKOVER RUNAWAY MATERIALS 




TEMPERATURE — °C 92cs-2i330 



Fig. 98-Basic design chart used to select maximum junction-temperature rating for 

a thyristor. 
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The next lower range of limit- 
ing temperature is determined by 
thermal runaway of the reverse- 
blocking junction in SCR's. This 
runaway is the familiar mecha- 
nism in which reverse-blocking 
losses generated in the junction 
increase with junction tempera- 
ture at a faster rate than the dis- 
sipation capability of the heat 
sink, as described in the section 
on Thermal Considerations. Fig. 
99 illustrates thermal-runaway 
conditions for two common sit- 
uations. 



tern at point A with some tem- 
perature rise. If a smaller heat 
sink is used or if the air flow is 
constricted in some way, the rate 
of increase in junction tempera- 
ture rises. A new slope is then 
required to represent the charac- 
teristic of the heat sink. This sit- 
uation is indicated by the 20°C- 
per-watt slope shown in Fig. 
99(a). For this condition, the point 
of operation of the device-and- 
heat-sink combination shifts from 
A to B. This point is an unstable 
one for the thermal system. 
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Fig. 99-Two thermal situations for which the junction temperature may increase at 
a rate greater than the dissipation-capability of the heat sink: (a) effect of a decrease in 
the size of the heat sink; (b) effect of an increase in the ambient temperature. 



The curves indicate that some 
level of power dissipation is as- 
sociated with conduction in the 
on state and that the blocking 
power dissipation of a device in- 
creases with junction tempera- 
ture. The thermal properties of 
the heat sink are assumed to be 
such that the junction tempera- 
ture increases with dissipation 
at a rate of 10°C per watt. A de- 
vice operating in this condition 
operates stably as a thermal sys- 



Thermal runaway occurs, and the 
temperature of the device in- 
creases uncontrollably into the 
range in which material degra- 
dation occurs. 

Fig. 99(b) illustrates another 
situation in which the thermal 
system initially operates stably 
at point A. If the ambient tem- 
perature is increased, however, 
the same heat sink operates along 
a new dissipation curve. The 
operating point of the thermal 
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system shifts to point B and be- 
yond. Again, because of the rapid 
increase in device temperature, 
limiting temperatures for material 
degradation are reached. 

The lowest range of thyristor 
temperature limits, as shown in 
Fg. 98, is defined by the tem- 
perature sensitivity of the block- 
ing capability in a switching 
quadrant. In practice, various de- 
vices within a design family ex- 
hibit a range of temperature 
sensitivity. At temperatures 
greater than 200°C, very few 
thyristors retain their blocking 
capability. The temperature sen- 
sitivity is improved greatly by 
decreasing gate sensitivity or by 
emitter shorting. 

It should be noted that turn-on 
induced by temperature is not in 
itself damaging, because it re- 
sults from the excess generation 
of hole-electron pairs that for- 
ward-bias the cathode emitter in 
much the same manner as a gate 
signal. Device problems from 
over-temperature turn-on arise 
when the "gating" signal is too 
low in magnitude for the rate 
of rise of load current (di/dt) 
required. Temperature-induced 
turn-on is usually an application 
problem, therefore, because con- 
trol of the load is lost. 

For a given range of blocking 
capability, a junction-tempera- 
ture rating is selected to provide 
adequate yield of devices that 
have the required voltage ratings. 
Typically, for thyristors, junc- 
tion-temperature ratings have 
been selected in the range from 
100°C to 125°C. 

It is also necessary to assure 



the adequacy of other parameters 
of the device which are tempera- 
ture-sensitive, such as commuta- 
tion capability in triacs, turn-off 
time in fast-switching SCR's, and 
static dv/dt ratings for all thy- 
ristors. 

On-State Current Ratings 
(SCR's and Triacs) 

Thyristor current ratings define 
maximum values for normal or 
repetitive currents and for surge 
or nonrepetitive currents. These 
maximum ratings are determined 
on the basis of the maxi mum 
junction-temperature rating, the 
junction-to-case thermal resist- 
ance, the internal power dissipa- 
tion that results from the current 
flow through the thyristor, and 
the ambient temperature. The ef- 
fect of these factors in the de- 
termination of current ratings is 
illustrated by the following ex- 
ample. 

Fig. 100 shows curves of the 
maximum average forward power 
dissipation for the RCA-2N3873 

SCR as a function of average for- 
ward current for dc operation and 
for various conduction angles. 
For the 2N3873, the junction-to- 
case thermal resistance R SJ _ C is 
0.92°C per watt and the maximum 
operating junction temperature 
Tj is 100°C. If the maximum case 
temperature T C(raax) is assumed to 
be 65°C, the maximum average 
forward power dissipation can be 
determined as follows: 



r AV(max) 



_ T J(max) T C(max) 
RftJ-C 



0.92 °C/watt 
= 38 watts 

The maximum average forward 
current rating for the specified 
conditions can then be determined 
from the rating curves show in 
Fig. 100. For example, if a con- 
duction angle of 180 degrees is 
assumed, the average forward 
current rating for a maximum 
dissipation of 38 watts is found 
to be 22 amperes. 
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Fig. 100-Power-dissipation rating chart 
for the RCA-2N3873 SCR. 

These calculations assume that 
the temperature is uniform 
throughout the pellet and the case. 
The junction temperature, how- 
ever, increases and decreases un- 
der conditions of transient loading 
or periodic currents, depending 



sipated within the thyristor. The 
current rating must take these 
variations into account. 

The on-state current ratings 
for a thyristor indicate the maxi- 
mum values of average, rms, and 
peak (surge) current that should 
be allowed to flow through the 
main terminals of the device, un- 
der stated conditions, when the 
thyristor is in the on state. 
For heat-sink-mounted thyris- 
tors, these maximum ratings are 
based on the case temperature; 
for lead-mounted thyristors, the 
ratings are based on the ambient 
or tie-point temperature. 

Steady-State Ratings — The ex- 
ample used to show the effect 
of various factors on maximum 
current ratings pointed out that 
these ratings are determined on 
the basis of the internal power 
dissipation, the junction-to-case 
thermal resistance, and the differ- 
ence between the maximum oper- 
ating junction temperature and 
the maximum case temperature. 
Because the maximum operating 
junction temperature is fixed, the 
maximum on-state current rat- 
ings may be given by curves that 
relate current to case tempera- 
ture. The maximum allowable 
current approaches zero as the 
case temperature approaches the 
maximum operating junction tem- 
perature because this current is 
directly proportional to the ratio 
of the difference between case 
and junction temperatures to the 
junction-to-case thermal resist- 
ance. 

The basic ratings for thyristors 
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define the boundary conditions 
for a basic current/case-tempera- 
ture rating chart, such as that 
shown in Fig. 101. The various 
limits for a specific design rating 
are indicated by curves 1 through 
5. The first item is the choice of 
junction-temperature rating, as 
has been described, to assure an 
adequate yield of devices with 
useful voltage ratings. This firs t, 
choice sets the upper boundary 
on the rating chart. 



There is a pr actical level of 
ambient temperature, represented 
by curve 2, which must be al- 
lowed for in the design of equip- 
ment. Also, in the design of equip- 
ment, there must be some differ- 
ential between the ambient _and 
the c ase tem perature. These_con- 
si deratio ns set the two Jower. 
b ounda rjesu-jcurves _2_andJL The 



leads attached to the top of the 
thyristor, that is, to the cathode of 
the SCR or main terminal No. 1 
of the triac, are not thermally 
connected to the heat sink of the 
thermal system that maintains 
the case temperature. The ther- 
mal limit of these leads sets an 
upper rms current limit for the 
package, as shown by curve- 4. 

The case temperature of the 
thyristor is d_erated from point 1 
as current is increased to main- 



tain a constant junction tempera- 
ture. The slope of the derating, 
shown by curve 5, is proportional 
to the on-state dissipation and the 
junction-to-case thermal resist- 
ance. Both of these values are 
inversely proportional to pellet 
area. The device defined by de- 
rating curve 5 should be term- 
inated in its current rating at point 




116 



RCA Thyristor and Rectifier Manual 



A for practical heat-sink arrange- 
ments and ambient conditions. 

A device defined by curve 6 
may have a larger chip area, a 
lower-thermal-resistance pack- 
age, or a narrower base width 
in comparison to a device defined 
by curve 5. This particular device 
is terminated at the maximum 
rms current capability of the lead 
materials. 

The maximum average on- 
state current rating is usually 
specified for a half-sine-wave cur- 
rent at a particular frequency. 
Fig. 102 shows curves of the max- 
imum allowable average on-state 
current I T(AV) for the RCA-2N3873 
SCR as a function of case tem- 
perature. Because peak and rms 
currents may be high for small 
conduction angles, the curves in 
Fig. 102 also show maximum al- 



CURRENT WAVEFORM'SINUSOIDAL 
L0AD= RESISTIVE OR INDUCTIVE 
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Fig. 102-Current rating chart for the 
RCA-2N3873 SCR. 



lowable average currents as a 
function of conduction angle. The 
maximum operating junction tem- 
perature for the 2N3873 is 100°C. 
The rating curves indicate, for a 
given case temperature, the maxi- 
mum average on-state current for 
which the average temperature, of 
the pellet will not exceed the max- 
imum allowable value. The rating 
curves may be used for only resis- 
tive or inductive loads. When ca- 
pacitive loads are used, the cur- 
rents produced by the charge or 
discharge of the capacitor through 
the thyristor may be excessively 
high, and a resistance should be 
used in series with the capacitor 
to limit the current to the rating 
of the thyristor. 

The ratio of rms to average 
values for a one-half sine-wave 
current waveform through an SCR 
is 1 .57. The maximum average on- 
state current rating I X(AV) y there- 
fore, can be readily converted to 
the maximum rms on-state current 
rating I T(RM s)- For example, as may 
be determined from Fig. 102, the 
maximum average on-state cur- 
rent for the 2N3873 is 22 amperes 
for a conduction angle of 180 de- 
grees and a maximum case tem- 
perature of 65°C. For these same 
conditions, the rms current rating 
may be determined as follows: 



*T(RMS) ~ h{AV) X 1-57 

= "22 amperes x 1.57 
= 35 amperes 

The dashed-line curve in Fig. 102 
shows the rms current rating for 
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the 2N3873 as a function of case 
temperature for a conduction 
angle of 180 degrees. 

The on-state current rating for 
a triac is given only in rms values 
because these devices normally 
conduct alternating current. Fig. 
103 shows an rms on-state cur- 
rent rating curve for a typical triac 
as a function of case temperature. 
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103-Current-rating curve for a typi- 
cal RCA triac. 



As with the SCR, the triac curve 
is derated to zero current when 
the case temperature rises to the 
maximum operating junction tem- 
perature. Triac current ratings are 
given for full-wave conduction un- 
der resistive or inductive loads. 
Precautions should be taken to 
limit the peak current to tolerable 
levels when capacitive loads are 
used. 

Surge Ratings — the surge on- 
state current rating I TMS indi- 
cates the maximum peak value 
of a short-duration current pulse 
that should be allowed to flow 
through a thyristor during one 
on-state cycle, under stated con- 
ditions. This rating is applicable 
for any rated load condition. 



During normal operation, the 
junction temperature of a thy- 
ristor may rise to the maximum 
allowable value; if the surge oc- 
curs at this time, the maximum 
limit is exceeded. For this reason, 
a thyristor is not rated to block 
off-state voltage immediately fol- 
lowing the occurrence of a current 
surge. Sufficient time must be al- 
lowed to permit the junction tem- 
perature to return to the normal 
operating value before gate con- 
trol is restored to the thyristor. 
Fig. 104 shows a surge-current 
rating curve for the 2N3873 SCR. 
This curve shows peak values of 
half-sine-wave forward (on-state) 
current as a function of overload 
duration measured in cycles of the 
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Fig. 104-Surge-current rating curve for 
the RCA-2N3873 SCR. 



60-Hz current. Fig. 105 shows 
surge-current rating curves for an 
RCA 40-ampere triac. For triacs, 
the rating curve shows peak 
values for a full-sine-wave cur- 
rent as a function of the number 
of cycles of overload duration. 
Multicycle surge curves are the 
basis for the selection of cir- 
cuit breakers and fuses that are 
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used to prevent damage to the 
thyristor in the event of accidental 
short-circuit of the device. The 
number of surges permitted over 
the life of the thyristor should be 
limited to prevent device degrada- 
tion. 



LOAD RESISTIVE 




SURGE CURRENT DURATION —FULL CYCLES 



Fig. I05Surge-current rating chart for 
RCA 40-ampere triac. 

Current and Dissipation 
Ratings (GTO's) 

In determining the operating 
capability of a GTO device, the 
most important parameter is the 
maximum junction temperature. 
This value is selected by the man- 
ufacturer, after consideration of 
several factors, as the upper tem- 
perature limit to which he will 
guarantee device operation. The 
maximum steady-state current rat- 
ing is determined on the basis of 
the upper boundary of the internal 
junction temperature that the 
manufacturer will allow. The cur- 
rent rating of a GTO then is based 
on the maximum junction tem- 
perature which, in turn, is a func- 
tion of three factors as outlined 
in the following equation: 

Tj(max) = T c + P x R eJC (27) 



where T J(max) is the maximum aver- 
age junction temperature, T c is 
the case temperature, P T is the 
average internal power dissipa- 
tion, and Rfljc is the steady-state 
junction-to-case thermal resist- 
ance. 

If the junction temperature T, 
is maintained at a constant value, 
then the steady-state current 
rating of the GTO becomes a func- 
tion of case temperature T c , the 
internal power dissipation P x , 
and the junction-to-case thermal 
resistance R wc - The case tem- 
perature is generally uncontroll- 
able by the manufacturer, and all 
device ratings are generally spec- 
ified at a particular case tempera- 
ture. The other two factors are 
inherent properties of the device 
and its package. The thermal re- 
sistance is determined by the type 
of package and the pellet size, and 
the power dissipation is a function 
of the on-state voltage drop across 
the main terminals of the device 
that results from the current flow. 
Fig. 106 shows a typical curve of 
on-state current as a function of 
on-state voltage. 

The on-state voltage specified 
in the published data for RCA 
GTO devices is the maximum 
value that will be allowed for 
that particular family of devices. 
Because this voltage is a maxi- 
mum, it represents the worst-case 
power dissipation for steady-state 
current flow. Fig. 107 shows 
curves of this power dissipation 
as a function of peak on-state 
current for different duty factors. 

When the internal power dissi- 
pation is known and the maximum 
allowable junction temperature 
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CASE TEMPERATURE (T<;) = 25 C 
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Fig. 106-On-state current as a function of on-state voltage. 
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Fig. 107-Maximum average power dissipation. 



has been determined, the thermal 
resistance of the device is the 
only remaining factor in the case- 
temperature equation. This factor 



represents the amount of tempera- 
ture rise that occurs in the device 
for a given power dissipation. The 
thermal resistance is a measure of 
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the temperature rise (usually in 
°C) per watt of dissipation. It 
is determined by the manufacturer 
by careful testing and is stated 
on the manufacturer's data as a 
maximum value. 

When all these factors have 
been determined, the maximum 
allowable case temperature for a 
given steady-state current can 
then be calculated as follows: 

Tc = T J(max) — P T (28) 

As shown in Fig. 108, the dc 
current capability is bounded by 
several points. The first point is 
that at which the maximum case 
temperature is equal to the max- 
imum allowable junction tempera- 
ture. At this point, no internal 
dissipation is allowed, and the de- 
vice current must be reduced to 
zero (i.e., I T (DC) = 0). The sec- 
ond boundary point is that of a 
practical case-temperature oper- 



ating point. In the curve shown 
in Fig. 108, 25°C is the cutoff 
point. At this temperature value, 
the manufacturer specifies a max- 
imum current rating for which the 
internal power dissipation of the 
device is limited to a safe value. 
This rating represents the maxi- 
mum amount of current the user 
should allow to flow in the device 
during steady-state operation. 
The various points along the line 
that connects these two boundary 
points represents the amount of 
steady-state current the manufac- 
turer considers safe at different 
case temperatures. 

The ratings specified for steady- 
state operation must be derated 
during switching operation. The 
additional power dissipation that 
results during turn-on and turn-off 
switching reduces the on-state 
current-handling capability of a 
GTO. As the device switches 
through the active mode during 
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turn-on and turn-off, the resulting 
dissipation must be taken into 
account to assure that the maxi- 
mum average junction tempera- 
ture limit will not be exceeded. 

As previously stated, the 
thermal resistance, the maximum 
junction temperature, and the 
power dissipated determine the 
operating case temperature. If the 
power dissipation is increased by 
switching losses, the operating 
case temperature must be low- 
ered, the on-state current must be 
decreased, or the duty factor must 
be reduced. During switching 
operation, the device power dis- 
sipation (P T ), which includes both 
switching losses and on-state 
losses, may be expressed as 
follows: 



P T — Pqq + Pc 



(29) 



where P ss is the power dissipa- 
tion during steady-state operation 



and P sw is the power dissipation 
during the switching mode. 

Fig. 109 shows a curve of the 
power dissipation a GTO device 
can withstand for a given case 
temperature. This curve is shown 
for a constant maximum junction 
temperature of 125°C. The slope 
of the curve is the negative re- 
ciprocal of the thermal resistance 
of the device. If the case tem- 
perature at which the device is to 
be operated is known, the power 
dissipation capability of the de- 
vice can be determined directly 
from the curve. This curve repre- 
sents the total average power dis- 
sipation, which must include both 
switching and steady-state losses 
to assure that the maximum junc- 
tion temperature is not exceeded. 

For a given current and duty 
factor, the steady-state dissipa- 
tion can be determined from Fig. 
107. The value of steady-state dis- 
sipation is then subtracted from 
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Fig. 109-Average power dissipation as a function of case temperature. 



the resultant is the amount of 
power dissipation that can be tol- 
erated as switching losses. These 
losses are comprised of losses 
incurred during both the turn-on 
and turn-off intervals. Factors 
such as anode supply voltage, 
load inductance, and gate drive 
affect the dissipation during these 
active modes. The over-all effect 
of these losses is to reduce the 
current-handling capability of the 
device. 

Holding and Latching Currents 

After a thyristor has been 
switched to the on-state condi- 
tion, a certain minimum value of 
anode current is required to main- 
tain the thyristor in this low-im- 
pedance state. If the anode cur- 
rent is reduced below this critical 
holding-current value, the thyris- 
tor cannot maintain regeneration 
and reverts to the off or high- 
impedance state. Because the 
holding current (I H ) is sensitive to 
changes in temperature (increases 
as temperature decreases), this 
rating is specified at room tem- 
perature with the gate open. 

The latching-current specifica- 
tion of a thyristor denotes a value 
of anode current, slightly higher 
than the holding current, which 
is the minimum amount required 
to sustain conduction immedi- 
ately after the thyristor is 
switched from the off state to the 
on state and the gate signal is 
removed. Once the latching cur- 
rent (LJ is reached the thyristor 
remains in the on, or low-im- 
pedance, state until its anode 



ing-current rating is an important 
consideration when a thyristor is 
to be used with an inductive load 
because the inductance limits the 
rate of rise of the anode current. 
Precautions should be taken to in- 
sure that, under pulse-gating con- 
ditions, the gate signal is present 
until the anode current rises to the 
latching value so that complete 
turn-on of the thyristor is assured. 

Although general considera- 
tions for holding and latching 
currents discussed in the pre- 
ceding paragraphs are also valid 
for gate-turn-off SCR's, it should 
be noted that the holding and 
latching currents are influenced 
by the basic design tradeoffs that 
are inherent in a gate-turn-off 
SCR. The tradeoffs result in the 
gate-turn-off SCR having higher 
holding and latching currents than 
a comparably rated conventional 
SCR. As a result, careful circuit 
design may be required for proper 
implementation of the device in a 
circuit. 

Fig. 110 shows the latching 
current I L as a function of the 
gate triggering current I GX for each 
operating mode of a triac. In the 
I(+), III(-), and III(+) modes, 
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Fig. 110-Latching current as a function 
of gate current for each triggering mode of 
a triac. 
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the latching-current value remains 
relatively constant with changes 
in the gate current. In the I(-) 
mode, however, larger values of 
latching current are required as 
the amount of gate current driven 
into the triac is increased. "Starv- 
ed" gating in the I(-) mode, 
therefore, can be a problem be- 
cause of the dependence of the 
latching-current value upon the 
amount of gate current. This de- 
pendence is one of the reasons 
that a triac should be overdriven 
whenever possible. 

Fig. Ill shows a simple test 
circuit that may be used to de- 
termine the holding and latching 



For the latching-current test, 
toggle switches Si and S2 are 
closed to select the triggering 
mode, potentiometer Rq T is ad- 
justed for the desired value of 
gate current [usually the I GT 
(max) value for the device being 
tested], and the pushbutton 
switches PBi and PB2 are held 
closed as potentiometer R L is ad- 
justed to some value for which 
the triac is maintained in the 
off state. The value of R L is then 
gradually decreased in small in- 
crements until the gate signal 
injected at each R L setting by 
depression of PBi turns on the 
triac. The reading on meter Mi 
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Fig. Ill-Test circuit used to determine holding and latching currents of thyristors. 



currents of a triac. For the hold- 
ing-current test, the triac is gated 
on by closing the toggle switches 
Si and S2, depressing the push- 
button switches PBi and PB2, and 
adjusting potentiometer R L to a 
low value. The pushbutton switch 
PBi is then opened, and the value 
of potentiometer R L is increased 
until the triac turns off. The cur- 
rent reading indicated on the 
meter Mi just prior to complete 
turn-off is the holding-current 
value. 



indicates the latching-current 
value. The pushbutton switch 
PBi should be alternately opened 
and closed for this value of R L to 
assure that the triac was origi- 
nally off. 

Critical Rate of Rise of 
On^State Current (di/dt) 

When a thyristor is turned on 
by application of a gate trigger 
pulse, conduction does not in- 
stantly occur throughout the en- 
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tire pellet. The initial flow of cur- 
rent is concentrated in very small 
areas near the gate contact. A 
short interval of time is required 
for the current to spread suffi- 
ciently so that the entire pellet 
is in conduction. If the rate at 
which the load current increases 
is high in comparison to the rate 
at which current spreads later- 
ally across the pellet, consider- 
able energy will be concentrated 
in the turned-on areas, and local- 
ized high- temperature regions (hot 
spots) may develop. These hot 
spots may adversely affect other 
characteristics of the thyristor or, 
in extreme cases, may cause per- 
manent damage to the pellet. For 
these reasons, thyristor manufac- 
turers usually specify a limiting 
value to define the critical rate 
of rise of on-state current for 
their products. 

The waveshape for testing the 
di/dt capability of the RCA 
2N3873 is shown in Fig. 112. The 




Fig. 112-Voltage and current waveforms 
used to determine dildt rating of the RCA- 
2N3873 SCR. 



critical rate of rise of on-state 
current is dependent upon the 
size of the cathode area that be- 
gins to conduct initially, and the 
size of this area is increased for 
larger values of gate trigger cur- 
rent. For this reason, the di/dt 
rating is specified for a specific 
value of gate trigger current. 

Critical Rate of Rise of Off- 
State Voltage (dv/dt) 

An important parameter for 
thyristors is the "critical rate of 
rise of off-state voltage." A 
source voltage can be suddenly 
applied to an SCR or a triac 
which is in the off state through 
either closure of an ac line switch 
or transient voltages as a result 
of an ac line disturbance. If the 
fast rate of rise of the transient 
voltage (dv/dt) exceeds the de- 
vice rating, the thyristor may 
switch from the off state to the 
conducting state in the absence 
of a gate signal. If the thyristor 
is controlling alternating volt- 
age, "false" (non-gated) turn-on 
resulting from a transient im- 
posed voltage is limited to no 
more than half the applied volt- 
age because turn-off occurs dur- 
ing the zero current crossing. 
However, if the source voltage 
suddenly applied to the off thy- 
ristor is a dc voltage, the device 
may switch to the on state and 
turn-off could then be achieved 
only by circuit interruptions. The 
switching from the off state„is 
caused by the internal capaci- 
tance of the thyristor. A steep- 
rising voltage impressed across 
the terminals of a thyristor 
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causes a capacitance-charging 
current to flow through the de- 
vice. This charging current 
(i = Cdv/dt) is a function of the 
rate of rise of applied off-state 
voltage. If the rate of rise of volt- 
age exceeds a critical value, the 
capacitance-charging current ex- 
ceeds the gate trigger current 
and causes device turn-on. Oper- 
ation at elevated junction tem- 
peratures reduces the thyristor 
ability to support a steep-rising 
(high-dv/dt) voltage because less 
gate current is required for 
turn-on. The effect of tempera- 
ture on the critical rate of rise 
of off-state voltage is shown in 
Fig. 113. 
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Fig. 113-Critical rate of rise of off-state 
voltage as a function of case temperature. 



The use of the shorted emitter 
construction in RCA thyristors 
has resulted in a substantial in- 
crease in the dv/dt capability of 
these devices by providing a shunt 
path around the gate-to-cathode 
junction. Typical units can with- 
stand rates of voltage rise up to 
200 volts per microsecond under 
worst-case conditions. The dv/dt 



capability of a thyristor decreases 
as the temperature rises and is in- 
creased by the addition of an 
external resistance from gate to 
reference terminal. The dv/dt 
rating, therefore, is given for the 
maximum junction temperature 
with the gate open, i.e., for worst- 
cas e conditions . 

Fig. 114(a) shows a simple test 
circuit that may be used to deter- 
mine the dv/dt capability of a 
thyristor. The curves in Fig. 
114(b) define the critical values 
for linear and exponential rates of 
increase in reapplied forward 
off-state voltage for an SCR. 
The critical value for the expo- 
nential rate of rise of forward 
voltage is the rating given in the 
manufacturer's test specifications. 




Vi =. anode supply volt- able resistor 

age (variable) R2 = discharge resistor 

SWi = mercury-wetted R3 = current-limiting re- 
relay siitor 

Ri == noninductive vari- Mi := oscilloscope 
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Fig. 114-fa) Test circuit and (b) wave- 
forms used to determine dv/dt capability 
of a thyristor. 
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This rating is determined from 
the following equation: 

^= v p r pm rating x Q 632 

dt RC time constant (24) 

-/ The dv/dt specifica tion allows 
a circuit designer to_design an RC 
time-constant network that can be 
used to limit the rate of rise of a 
transient voltage below the criti- 
cal value of the thyristor. 

Voltage transients which occur 
in electrical systems as a result of 
disturbance on the ac line caused 
by various sources such as ener- 
gizing transformers, load switch- 
ing, solenoid closure, contactors, 
and the like may generate voltages 
which are above the ratings of 
thyristors and result in spike volt- 
ages that exceed the critical rate 
of rise of off-state voltage. Thy- 
ristors, in general, switch from 
the off state to the on state when- 
ever the breakover voltage of the 
device is exceeded, and energy is 
then transferred to the load. Good 
practice in the use of thyristors 
exposed to a heavy transient en- 

v vironment is to provide some form 
of transient suppression. 

For applications in which low- 
energy, long-duration transients 
may be encountered, it is advis- 
able to use thyristors that have 
voltage ratings greater than the 
highest voltage transient expected 
in the system to provide protec- 
tion against destructive transients. 
The use of voltage clipping diodes 
is also effective. In either case, 
analysis of the circuit application 
will reveal the extent to which 
suppression should be employed. 
In an SCR application in which 



there is a possibility of exceeding 
the reverse-blocking voltage rat- 
ing, it is advisable to add a clip- 
ping diode or to use an SCR with a 
higher reverse-blocking voltage 
rating to minimize power dissi- 
pation in the reverse mode. Be- 
cause triacs generally switch to a 
low conducting state, if the di/dt 
buildup of the principal current 
flow after turn-on is within de- 
vice ratings it is safe to assume 
that reliable operation will be 
achieved under the specified con- 
ditions. 

The use of an RC snubber is 
most effective in reducing the ef- 
fects of the high-energy short- 
duration transients more fre- 
quently encountered in thyristor 
applications. When an RC snub- 
ber is added at the thyristor ter- 
minals, the rate of rise of voltage 
at the terminals is a function of 
the load impedance and the RC 
values used in the network. In 
some applications, "false" (non- 
gated) turn-on for even a portion 
of the applied voltage cannot be 
tolerated, and circuit response to 
voltage transients must be deter- 
mined. An effective means of gen- 
erating fast-rising transients and 
observing the circuit response to 
such transients is shown in Fig. 
115. This circuit makes use of 
a mercury-wetted relay to trans- 
fer a capacitor charge to the input 
terminals of a control circuit. This 
approach permits generation of a 
transient of known magnitude 
whose rate of rise of voltage can 
easily be displayed on an oscillo- 
scope. For a given load condition, 
the values in the RC snubber net- 
work can be adjusted so that the 
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transient voltage at the device 
terminals is suppressed to a toler- 
able level. This approach affords 
the circuit designer with meaning- 
ful information as to how a control 
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Fig. 115-Circuit used to generate fast- 
rising transients. 



circuit will respond in a heavy 
transient environment. The cir- 
cuit is capable of generating trans- 
ient voltages in excess of 10 kilo- 
volts per microsecond, which ex- 
ceeds industrial generated trans- 
ients. 

RELIABILITY 

Reliability is a prime consider- 
ation at each stage in the design, 
production, and application of 
RCA thyristors. Thorough re- 
search by applications engineers 
defines the circuit requirements 
and specifies in detail the neces- 
sary device parameters. Design 
engineers develop devices that 
meet the objective specifications 
with sufficient margin for process 
variations. The specifications de- 
fine electrical, package, and reli- 
ability requirements. Quality-and- 
reliability-assurance engineers 



make an independent assessment 
of the inherent reliability of each 
type of thyristor under conditions 
that simulate the most stringent 
type of service in which the device 
may be employed for any recom- 
mended application. 

The natural boundaries of a re- 
liability-assurance program are 
"time" and "the number of avail- 
able units." A technique used to 
obtain meaningful information in 
a reasonable time from a limited 
number of samples is accelerated 
testing. In this type of testing, 
the devices are subjected to 
stresses that exceed rated or 
normal conditions for a relatively 
short period in order to generate 
failures that would normally occur 
at typical conditions over a longer 
stress period. The results are then 
extrapolated to predict the mean 
time to failure (MTTF) under typ- 
ical operating conditions. The 
chart shown in Fig. 1 16 outlines 
the various types of tests to which 
RCA thyristors are subjected 
during reliability evaluations. 

Reliability Testing 

The most important factors 
in the control of manufacturing 
defects arise through knowledge 
of the device design and close 
process control in manufacture. 
Nothing that can be done in terms 
of statistics or testing comes close 
to the importance of good process 
control in manufacture. This con- 
trol is complemented by reliability 
testing to monitor product capa- 
bility. During the development 
phase, various reliability tests 
are conducted by the product 
development group. During the 
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Fig. 116-Outline of reliability evaluations performed on RCA thyristors. 



early production phase, the de- 
vice capability is monitored by 
an engineering reliability group. 
During normal production, the 
manufacturing-plant quality-con- 
trol department regularly per- 
forms the following types of life 
tests: 

High-temperature blocking 
Thermal fatigue 
Operating life 
High-temperature storage 
Temperature cycling 
Surge 
Vibration 
Shock 

The high- temperature blocking 
test exposes the device to the 
maximum blocking voltage and 
the maximum operating tempera- 
ture. The blocking test is followed 
by thermal-fatigue testing during 
which the rated current is passed 



through the thyristor, and the re- 
sulting power dissipation is used 
to heat the device to the maxi- 
mum junction temperature. The 
current is then interrupted, and 
the thyristor is cooled rapidly. 
Thousands of thermal cycles are 
accumulated to verify the me- 
chanical soundness of the pellet 
and its mounting system. 

During the operating life tests, 
synthetic switching circuits simul- 
taneously apply maximum current 
and maximum voltage (at the 
normal line frequency) to the de- 
vice at the maximum rated case 
temperature. This type of testing 
simulates actual operating condi- 
tions. High-temperature storage 
is used to accentuate any insta- 
bility that may exist at the sur- 
face of the device. Temperature 
cycling, surge, vibration, and 
shock are the familiar environ- 
mental tests used to assess the 
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mechanical robustness of the 
package, the pellet, and the lead- 
attachment system. Surge testing 
stresses the ohmic contact system 
of the device to assure that low 
thermal resistance and even heat 
distribution are maintained under 
the surge condition. 

During the development phase, 
these tests are generally per- 
formed on a step stress basis. 
During the quality-control phase, 
they are conducted at rated condi- 
tions. The data obtained from life 
testing can provide some statis- 
tical representation of failure rate. 
Fig. 117 shows an example of a 
method used to represent failure 
rate in the United States Military 
Handbook on "Reliability of Elec- 
tronic Components." The curves 
shown present failure rates for 
transistors as a function of tem- 
perature. However, because the 



blocking junctions in thyristors 
typically form a p-n-p transistor 
structure, use of these derating 
curves for thyristors is justified 
when sufficient test data are avail- 
able. Different failure rates have 
been projected from the statistical 
summing of experimental data. A 
derating curve that describes the 
failure rate of an RCA-2N5442 40- 
ampere triac is superimposed 
(dashed line) on the family of 
transistor derating curves shown 
in Fig. 117. As indicated by this 
curve, the failure rate of the 
2N5442 triac, and of other thy- 
ristors that have been studied, is 
similar to that for other silicon 
power devices. 

Failure Analysis 

A manufacturer has a responsi- 
bility to provide the necessary 
service to determine the causes of 
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failure of his devices and to pro- 
vide feedback to the customer or 
the manufacturing facilities to 
initiate correction procedures. 
The various problems encoun- 
tered with thyristors may be cate- 
gorized into two basic groups: 

1 . Manufacturing Defects 

2. Application Faults 

Overvoltage, surface or bulk 
di/dt, overvoltage turn-on 
di/dt Turn-on 
Gated turn-on 
Gate noise turn-on 
Gate dissipation, forward- 
reverse interchanged cathode 
Surge 
Overload 
Hermeticity 

The first group includes prob- 
lems that result from manufac- 
turing defects; the required correc- 
tive actions are clearly the respon- 
sibility of the device manufac- 
turer. The second type of prob- 
lem may be classified as applica- 
tion faults or defects. In applica- 
tion defects, the user and the 
manufacturer have a joint respon- 
sibility. The manufacturer cannot 
solve application problems com- 
pletely by himself; he must work 
with the user in this area. 

Experience has shown that, in 
general, application defects out- 
number design or manufacturing 
defects by at least an order of 
magnitude. Such problems can 
usually be solved, however, 
through careful analysis and close 
communication between manu- 
facturer and user. 

Applications faults fall into 
several general categories. The 
first and most prevalent is that 



arising from overvoltage. Over- 
voltage damage can occur in the 
bulk of the device (at defects in 
the crystal or at diffusion irregu- 
larities) or at localized spots on 
the surface. The concentration of 
power dissipation at these small 
areas causes material degradation 
in either the silicon or the encap- 
sulating materials at the edge. 
Closely associated with overvolt- 
age turn-on is a di/dt stress that 
results from turn-on initiated by 
the overvoltage. If overvoltage 
turn-on is accomplished without 
damage within the chip, a danger 
is still present in that the current 
resulting from the thyristor turn- 
on is concentrated in the small 
area within which turn-on began. 
Such localized current conduction 
can result in over-temperature 
in a small area. In turn-on initi- 
ated from overvoltage, the mech- 
anism to cause spreading of the 
current is not present. The di/dt 
capability for a thyristor turned 
on from overvoltage is much low- 
er than the di/dt capability of the 
thyristor turned on by a gate sig- 
nal. As a result, even though the 
di/dt in a circuit might be at a 
very comfortable level for gated 
turn-on, it may exceed the over- 
voltage turn-on di/dt capability. 
Often, during an examination of 
the damaged area of the chip, it 
is difficult to determine whether 
the failure is caused by the initial 
overvoltage or the initial rise of 
current. Both types of faults result 
in small burnt areas through the 
chip bulk or at the edge. 

The di/dt capability for gated 
turn-on is high but it can still 
be exceeded, particularly with 
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very low values of gate drive. A 
gated di/dt failure in RCA devices 
occurs at the inside edge of 
the n-type emitter, which is the 
area where conduction begins. 
This type of failure results in a 
small area of molten silicon. Such 
a failure mechanism is easily seen 
in the chip. Most users today are 
conscious of the fact that ade- 
quate gate signal must be pro- 
vided, particularly in applications 
involving fast-rising pulses of 
large magnitude. However, di/dt 
failures caused by inadequate gate 
signal frequently occur. In such 
circuits, turn-on is probably ini- 
tiated by noise in the gate circuit, 
and the designer of the equipment 
must neutralize these unwanted 
signals. 

Failure may also result because 
of gate over-dissipation. RCA thy- 
ristors have relatively large gates 
and robust gate leads, so that a 
good deal of dissipation is ac- 
ceptable. A triac will operate as 
a triac when the gate lead is 
inadvertently interchanged with 
the Main Terminal No. 1. Because 
the gate area is much smaller than 
the main terminal No. 1 area, the 
gate may be damaged if full cur- 
rent flows. Triac gate damage 
often destroys blocking voltage 
in the first quadrant without dam- 
age to the blocking voltage in 
the third quadrant. A consistent 
failure of first-quadrant blocking 
voltage, therefore, suggests gate 
damage. 

Short-time surge failure gen- 
erally results from a gross melting 
of silicon over much of the cathode 
or Main Terminal areas. In some 
RCA packages for lower-current 



devices, the internal leads fuse 
at several hundred amperes of 
short-circuit current. When the 
internal leads of a failed device 
are fused it may be assumed that 
a momentarily shorted load condi- 
tion existed. Overload results from 
a long duration of current in ex- 
cess of the steady-state rated 
current which causes a gradual 
heat build up. The first area to 
be attacked is the ohmic contact 
system. In an overload failure, 
the high-temperature solder used 
on the chip melts and flows out 
from under the chip. This flow, 
which occurs prior to a resulting 
gross degradation of the ohmic 
contact system and pellet, charac- 
terizes over-load failure. 

Hermeticity failures on her- 
metic devices generally lead to 
the presence of ionizable material 
in the encapsulating resin next to 
the surface. This condition leads 
to surface current, surface inver- 
sion layers, a reduction in a de- 
vice blocking- voltage capability, 
and increased blocking leakage 
current because of the high sur- 
face current. Therefore, it is par- 
ticularly important to maintain 
hermeticity on hermetically sealed 
devices. If a device fails because 
of degraded blocking characteris- 
tics, a gross-leak and time-leak 
check should be performed before 
any inspection for other possible 
defects. 



PRODUCT MATRICES 

The product matrices shown in 
tables XII and XIII indicate the 
wide range of operating voltages 
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and currents and the variety of 
package configurations offered by 
the extensive selection of RCA 
SCR's and triacs. Detailed ratings 
and characteristics data on all 
currently available commercial 



types of RCA thyristors are given 
in the RCA Solid State DATA- 
BOOK Series SSD-206, "Thyris- 
tors, Rectifiers, and Triacs," or 
in the RCA technical data bulle- 
tins on each device. 



Table XII— SCR Product Matrix 



RCA 
SCR's 


TO-8 


TO-66 


TO-66 
With 

Heat Rad. 


'TIHMSI 


2A 


4.5A 




FTO* 
5A 


FTO* 
5 A 


FTO* 
5A 


FTO* 

5 A 


FTO* 
5A 


FTO* 
5A 


5A 


FTO* 
5A 


l TSM (60 Hj) 


60 A 


200A 


6QA 


aoA 


80A 


boa 


75AllpM' 


80A 


BOA 


BOA 


BOA 


Vdrom '5 
























VRROM IVI 25 
























30 
























50 
























100 




S2400A 








S3 704 A 










S3714A 


150 
























200 


2N3528 


s2<Jooa 


2N3228 




S3700B 


S3704B 








S2710B 


S3714B 


250 
























— TOO 1 
























400 


2N3529 


S2400D 


2 N 3525 




S3700D 


S3704D 








S2710D 


S3714D 


500 








i 2 7 Of. t 
















600 


2N4102 


S240OM 


2N4101 


'W 


S3 7O0M 


S3704M 


S3 7 cor.* 






S2710M 


S3714M 


700 












53704S 




S3702S 






S3714S 


750 


















S3703SF 






800 
























IGT^AI 


15 


15 


lb 


30 


■10 


40 


35 


45 


40 


15 


40 


V GT IV) 


2 


2 


? 


4 


3.5 


3.5 


4 


4 


4 


2 


3.5 


File No. 


1)4 


567 


114 


839 


30G 


690 


476 


522 


522 


266 


690 



■ FTO — Fail TurrvOH 



RCA 
SCR's 


Low 
Pro- 
file 
Mod. 
TO-5 


TO-5 
With 
Heat 
Rad. 


TO-5 
With 
Heat 
Spdr. 


TO-220AB 
VERSAWATT 


Stud 


TO-220AB 
VERSA- 
WATT 


'TIRMSl 


7A 


3.3A 


7A 


4A 




4A 


8A 


I0A 


FTO* 


12 


< TSM 160 Hil 




100 A 


100A 


35A 


35A 


35A 


100 A 


100.-.. 




125 


VqROM '5 








S2060Q 


siofllo. 


SiKSO 










VRROM'V) 2b 






















30 








S2060Y 


S2061Y 


S2062Y 










50 








S2060F 


S2061F 


S2062F 


S122F 


S2800F 




2N6394 


100 








S2060A 


S2061A 


S2062A 


S122A 


S7SO0A 






150 






















200 


S2600B 


S2610B 


S2620B 


S2060B 


S2061B 


S2062B 


S122B 


S2B00B 


SS210B 


2N6396 


250 






















;ioo 








S2060C 


S2061C 


S2062C 


S122C 


S2800C 




S6000C 


400 


S2600D 


S2610D 


S2620O 


S2060D 


S2061D 


S2062D 


S122D 


S2800D 


S5210D 


2N6397 


500 








i::«'..'r 


SJ0611E 


S2062E 


S122E 


S28O0E 




S6000E 


600 


S2600M 


S2610M 


S2620M 


S206OM 


S2061M 


S2062M 


S122M 


S28O0M 


S5210M 


2N6398 


700 














S122S 


S2flOOS 




seooos 


750 






















800 






















If-.j'."!-] 


15 


15 


15 


0.2 


0.5 


2 


25 


15 


40 


30 


varm 


1 5 


1.5 


1 5 


0.8 


08 


0.8 


IS 


15 


3.5 


1.5 


File No. 


496 


496 


496 


654 


654 


654 


889 


890 


737 


B91 



■ FTO - Fait Turn-Oil 
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Table XII— SCR Product Matrix 



RCA 
SCR's 


TO-3 




_ 

rress 


hit 


C+i 

all 


id 


Isolated 
Stud 


Press- Fit, 
Flex. Leads 
on 

ISOSTUD 


'T(RMS) 


12.5 


16 


20A 


35A 


20A 


35A 


20A 


35A 


20A 


35A 


ITSM 160 Hz) 


200A 


160 


200A 


350A 


200A 


350A 


200A 


350A 


;;oo.A 


350A 


VriRDM 15 






















Vprnrwuiiv) 25 






















30 






















50 




2N6400 


















100 


2N3668 


2N6401 ■■ 


S6200A 


2N3870 


S6210A 


2N3896 


S6220A 


S6420A 


S6230A 


S6430A 


150 






















200 


2N3669 


2N6402 


S6200B 


2N3871 


S6210B 


2N3897 


S62206 


S6420B 


S6230B 


S6430B 


250 






















300 




S6100C 


















400 


2N3670 


2N6403 


S6200D 


2N3872 


S6210D 


2N3898 


S6220D 


S6420O 


S6230D 


S6430D 


500 




S6100E 


















600 


2N4103 


2N6404 


S6200M 


2N3873 


S6210M 


2N3899 


S6220M 


S6420M 


S6230M 


S6430M 


700 




S6100S 


















750 






















800 








S6400N 




S6410N 




S6420N 




S6430N 


lGT*mAl 


40 


30 


15 


40 


15 


40 


15 


40 


15 


40 


v GT lv) 


2 


1.5 


2 


2 


2 


2 


2 


2 


2 


2 


File No. 


1 16 


892 


418 


578 


418 


578 


418 


578 


877 


877 



RCA 
SCR's 


Press- Fit, 
Isolated 
on TO-3 
Flange 


Press- Fit, 
Flex. Leads, 
Isolated on 
TO-3 
Flange 


TO-48 


'TIRMSI 


20A- 


35A 


20A 


35A 


16A 


25A 


Pulse 
35A 


FTO' 
35A 


FTO" 
35A 


ITSM 160 Hil 


200A 


350A 


200A 


350A 


125A 


150A 


150A 


180A 




VRRDM 15 




















VR B f,M(VI 25 










2N1842A 


2N681 








30 




















50 










2N 1 843A 


2N682 






2N3654 


100 


S6240A 


S6440A 


S6250A 


S6450A 


2N1844A 


2N683 




2N3650 


2N3655 


ISO 










2N1845A 


2N684 








200 


S6240B 


S6440B 


S6250B 


S6450B 


2N1846A 


2N685 




2N3651 




250 










2N1847A 


;!N686 








300 










2N1848A 


2N687 




2N3652 


2N3657 


400 


S6240D 


S6440D 


S6250D 


S6450D 


2N1849A 


2N6B8 




2N3653 


2N3658 


500 










2N 1 850A 


2N689 








600 


S7240M 


S6440M 


S6250M 


S6450M 




2N690 


S6493M 


S7410M 


S74T2M 


700 




















750 




















800 




S6440N 




S6450N 














15 


40 


15 


40 


45 


25 


ao 


1B0 


180 


v GT <v) 


2 


2 


2 


7 


3.5 


3 


7 


3 


2 


File No. 


877 


877 


877 


877 


28 


96 


247 


408 


724 
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Table XII— SCR Product Matrix (cont'd) 



For Horizontal-Deflection Circuits 



RCA 
ITR's * 


TD- 


OD 


TO-220AB 
VERSAWATT 




Trace 


Commutating 
{Ratface 1 




Commuwtirig 
(Retrace) 


'T(RMS) 


5A 


5A 


8A 


8A 


ITSM H>H" 


60A 


60A 


100 A 


100 A 
TAS3901C 1 


VDROMM 300 

4O0 




S38O0D 




TAS3901 D* 


450 






TAS3900DF* 






S3800E 




TAS3900E'' 




550 




S3800EF 




TAS3901eF» 


600 




S38COM 




TAS3901M* 


650 


S380OMF 




TAS3900MF* 


TAS3901MF* 


700 




S3800S 


TAS39O0S* 


TAS3901S* 


750 


S3800SF 




rAS3900SF* 




1 Q r (mA) 


40 


45 


30 


45 


v GT M 


4 


4 


4 


4 


File No. 


639 


639 







• lnteg.atedTh V ri«or/R«ci.f.ef * Developmental Types 







TO-3 




RCA 










GTO's 












8.5A 


8 5A 


8.5A 


'tsm iesH,i 


SOA 


50A 


bUA. 




100 


G5001A 


G 5002 A 


G5003A 


200 


G 5 001 a 


GS002B 


G5003B 


400 


G6001D 


G5002D 


i..5«:<!3D 


600 


GOOOIM 


G5002M 


G5O03M 


Turn-on Time 
tg. 


<d 


1*" 


1.5>J 


1.5|« 


»r 


Ins 


1.5m 


1 5ns 


Turn-olf Time 

'o 


h 


1m 




10ns 




1w 


U 


16* 


File No. 


867 


867 


867 
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Table XIII— Triac Product Matrix 
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RCA 
Triacs 


Modified 
TO-5 


Mod. TO-5 
With Heat 
Radiator 


TO 


-66 


TO- 

OO 

Heat 
Rad. 


i 

1 


'T(RMS) 


? 5A 


7 5A 


2 5A 


2 5A 


2 5A 


25A 


2.5A 


2 SA 


6A 


1!iA 


6A 


l TSM (GO Hz) 


" 75A 


25A 


25A 


25A 


75A 


25 A 


25A 


25A 


1O0A 


100 A 


100A 


■•miw'\ '«> 




T2J01A 


T2302A 


2N5754 


T2310A 




T2312A 


T2313A 










T2300B 


- .'J'jlf? 


T23028 


7N5755 


T2310B 


T2311B 1 T23126 


T7313B 


T2 700B 


] 4 ruflf 


T27 10B 


J XI 


T7300D 


- 2 JiL' 






72310D 




T7312D 


T2313D 








450 
























600 








2N57S7 








T2313M 








8.J0 

l GT fmAI 


.1 


J 


10 




3 




10 


25 


25 


JO 


25 


V CT (VI 


2 7 


4 

22 


10 
2 2 


40 

2.2 


3 

22 


2 2 


2 2 


40 

2.2 


40 

2 2 


BO 
2 5 


40 

? 


file No 


■■ ■ 


431 


4 JO 




470 


431 






351 




351 


k 


"drqmIvi too 








■ /I:* fi 








T2316A 








266 








r230BG 










T2706B 


T 4 1068 


T27168 


400 








T2306D 








T7316D 


1 2708D 


r4J06D 


T27I6D 


450 
























600 
























l G TlmA1 
















45 


45 




■1'. 


V GT (VI 

F.i* No 
















406 


.1 45 


406 


1 5 
406 


i 


'TiHMSI 






5A 


















V nR0V lvl ,oo 






T7304B 


rzaoH 
















400 








12305 L) 
























25 
















V GT .V) 
























API M.Mlss 






7 7 


2 2 
















( In N, 






441 


441 

















RC 

Tri 


A 

ICS 


TO-220AB 
VERSAWATT 


Press Fit 


Stud 




'TlflMRl 


6A 


6A 


8A 


BA 


ISOWATT- 
BA 






15A 




10A 


10A 


i TSM ifit> a.-. 


60A 


80A 




10OA 


100A 






100 A 




I00A 




VDftOMfVl 100 










1 28Q5* 














200 


T2500B 


T28I 1 B 


ras ■<■<• 


T2807B 


T7B50B 




7N5567 


7N5571 






2M55 7] 


300 




T7801C 


1 7800 


T;eo2f- 
















400 


T25O0D 


tJB ■■■ 




1 :•=■ 






JN5568 


7N5572 




2N55 70 




-- » 




T280IF. 


r28O0l 


T2802t 
















socj 






17800M 


1 7802 v 






I4101M 


T4100V 




T41 1 1M 


T4 1 1 0M 


aoo 
























l GT (mA) 


25 


ao 


25 


50 


25 




25 






25 


50 




60 




60 




60 




40 


BO 




40 


80 


V GT <V1 

All Mu ( *ti 


25 




7 b 


25* 


3 5 




25 


25 




25 


2 5 


F.le Nu 


615 


B3I 


B3S 


33F 


540 












4 SB 


I 1 


'OROM'Vl '00 
























?cx 


-:- 6B 






- . MM 


, ; >'> 




T4107B 


T4106B 




T41 1 78 


t * ' ■■ c a 


-: 1, 








P.. 


178561 




T4107O 


r«ioBO 




T4117D 


T4i itv.: 










































T4 1 06M 




T4117M 


T41 16M 










45 


45 




45 


45 




45 


45 


V GT fV> 


1 '-■ 








1 5 






1 5 




1.5 


IS 


F .It No 


406 






406 


406 




406 


-i.V, 






406 


£ 
















10A 


ISA 


6A 


I0A 


1 SA 


-as* 
























200 












T4105B 


T4 104B 


TJ103B 


T4HS6 


Til 149 


t4ii3b 


400 












T4I05D 


T4 104E7. 


T4103D 


T41 150 


T 4 1 1 4D 


T4i iir 


l GT lmAI 












50 


50 


SO 


50 


50 


50 














80 


80 


80 


80 


80 


80 


All Moon 












2.5 


2 5 


2.5 


2.5 


i.E 


— 73 


Fit. No 












443 


443 


443 


443 


—m — 
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Table XIII— Triac Product Matrix (cont'd) 



RCA 
Triacs 


Isolated 
Stud 


Press-Fit, 
Flex. Leads 
on 

ISOSTUD 


Press- Fit 
on TO-3 
Flange 




'tirmsi 


I0A 


I5A 


10A 


15A 


10A 


I5A 


i T sv reo Hii 


— To75a — 











— I — * 
















200 


T4121B 


T4120B 


T4131B 


T4I30B 


T4141B 


T4140B 


400 














450 














600 


T4I21M 


T4 1 20M 


r 4 1 3 1 M 


r 4 i 30m 


Ml 41 M 


F4140M 


800 














l GT lmAI 

1 >. Ill 


25 


50 


25 


50 


25 


50 


I". Ill* 


40 


BO 


40 


80 


40 


80 


VGf'fVl 

All MoUti 


2 5 






15 


?5 


75 


F.le No 


457 


458 


8 '8 


878 


3-X 


878 


if 


v drom'vi 

too 














200 


1" T4127B 


T4126B 










400 


T41770 


T4 ! 26D 










450 














600 


T4127M 


T4! 26M 






































c ,i» Me 


406 


406 










il 


'TIRMSI 














Vdrom'V ?M 














400 










































VQT'VI 

All Modes 














F.lc No 


I 











RCA 
Triacs 


Press- Fit, 
Flex. Leads 
on TO-3 
Flange 


Press Fit 


Stud 

1 




'tirmsi 


10a 


15A 


30A 


40A 


3 OA 


40A 


Itsm m M 


100 A 


100 A 


300A 


300A 


300A 


300 A 


v pR0M (vi 100 














200 


T4151B 


T41508 


T6401B 


2N5441 


T84118 


7N5444 


400 


T41510 


T4 1 500 


T64010 


7N544 2 


T &4 ; ■■ :. 


M5445 


450 














600 


T4151M 


T4150M 


T640IM 


2N5443 


T641 IM 


M54M 


800 








T&400N 




T6410N 


l GT lmA] 




25 


50 


50 


50 


50 


50 


1 ~. 1 1 H 


-10 


80 


30 


80 


80 


80 


vgt'vi 

All Model 


2.5 


2 5 


25 


25 


2.5 


2 5 


No 


878 


870 


45>9 


593 


459 


593 


8l 


v DROM lv ' 

100 














200 






T6407B 


T64066 


T6417B 


T6416B 


400 






T6407D 


T6406D 


T6417D 


T64 16D 


450 














600 






I6407M 


T6406M 


T6417M 




IQT'" 1 * 1 

!♦, ill* 






45 


4!i 


45 


45 








15 


1.5 


1.5 


1.5 


i 






406 


406 


406 


406 




'TIRMSI 






25A 


40A 


25 A 


40A 


V OHOW M 200 






T&405FJ 


T&404B 


7e-.i [ >- 


T&4I4B 


400 






T6405D 


T6404D 


TB41S 


■ .-.J ; i : 


l GT tmA> 






80 


80 


80 


80 


1 .MIi 






120 


120 


120 


120 


V GT IVI 

All MoUes 






3 


3 


3 


3 


File No 






4B7 


487 


487 


487 
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Table XIII— Triac Product Matrix (cont'd) 
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RC 
Tr 


acs 


Isolated 
Stud 


Press- Fit, 
Flex. Leads 
on 

ISOSTUD 


Press- Fit 
Isolated 
on TO-3 
Flange 




'tirmsi 


30A 


40A 


30A 


40A 


30A 


40A 


Its* ik> h>i 


3MA 


300 A 


360a 


300a 


300A 


















200 


T6421B 


T6420B 


T6431B 


T64308 


T 644 IB 


T6440B 


400 


T6421D 


T6420D 


T6431D 


T6430D 


T6441D 


T54400 


450 














600 


T642IM 


T6420M 


T643IM 


T6430M 


T&44IM 


T6440M 


BOO 




T6420N 




T6430N 




T6440N 


l GT (mAI 


50 


50 


50 


50 




50 




80 


80 








V GT IV) 

All Mudes 


2 5 


2.5 










Fire No. 


459 


593 


878 


878 


878 


878 


1* 


v DROM ,v) 100 














3M 


T6427B 


T6426B 










400 


T6427D 


T6426D 










460 
600 


T427M 


T6426M 










l GT (mA) 

I*. Ill* 


45 


45 










1*. Ill* 


1.5 


15 










File N..i 


406 


406 











RC 
Tr 


.A 
acs 


Press- Fit, 
Flex. Leads, 
Isolated 
on TO-3 
Flange 


Stud 


Isolated 
Stud 




'tirmsi 


30A 


40A 


60A 


BOA 


BOA 


80A 


Itsm '60 Hi) 


300A 


300A 


600A 


850A 


600A 


850A 


v DROM lvl '00 














700 


T6451B 


T64bOB 


T84I1B 


T841QB 


THA2- B 


T8420B 


400 


T6451D 


T64E.0D 


T84 1 1 : 


T84I0D 


r 842 ID 




450 














600 


T645I M 


T6450M 


T84I1M 


TS410M 


T8421M 


t R4 20M 


800 




T6450N 










'GT' mA1 

i . in 


50 


50 


75 


75 


75 


75 


I 


SO 


80 


150 


150 


150 


15 


v GT fvi 

All Model 


25 


2.5 


28 


2.5 


28 


2.5 


File No 


878 


878 


725 


894 


725 


B94 


jf 


VDROM'VI 100 














508 














400 














450 
600 














l GT lmA) 














VQT'VI 






























Thyristor Gating and 
Switching Requirements 



SCR's, gate-turn-off SCR's 
(GTO's), and triacs have unique 
characteristics and capabilities 
that make them ideally suited for 
power-switching and power-con- 
trol applications in which low 
cost, small package size, device 
reliability, and circuit simpli- 
city are important considerations. 
In most circuit applications, these 
devices are switched between two 
stable states (full off and full on) 
to control the application of 
power to the load. SCR's, GTO's 
and triacs are specifically de- 
signed to be triggered from the off 
state to the on state by application 
of a signal to the gate terminal. A 
basic understanding of gate- 
triggering requirements and 
switching characteristics of these 
devices, therefore, is essential to 
assure successful use of them in 
circuit applications. 

The manufacturer's published 
data on the gating and switching 
characteristics of SCR's, GTO's 
and triacs enables a circuit de- 
signer to determine more easily 
the circuit conditions required to 
assure positive triggering (i.e. , full 
turn on) and facilitates his selec- 



tion of devices that have switch- 
ing characteristics compatible 
with the requirements of his cir- 
cuit. In addition, a knowledge of 
the basic gating and switching 
actions in SCR's, GTO's and 
triacs helps the designer to deter- 
mine circuit requirements for 
suppression of transient effects 
that may result in inadvertent 
triggering or possible damage to 
the devices. 

GATE CHARACTERISTICS 

The manufacturer's specifica- 
tions indicate the magnitudes of 
gate current and voltage required 
to turn on SCR's, GTO's and 
triacs. Gate characteristics, how- 
ever, vary from device to device 
even among devices within the 
same family. For this reason, 
manufacturer's specifications on 
gating characteristics provide a 
range of values in the form of 
characteristic diagrams. A dia- 
gram such as that shown in Fig. 
118 is given to define the limits 
of gate currents and voltages that 
may be used to trigger any given 
device of a specific family. The 
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REQUIREMENTS TO TRIGGER 
ALL UNITS AT THESE 
TEMPERATURES 




10 20 30 
GATE CURRENT— 
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Fig. 1 18-Gate-charucteristic curves for a 
typical RCA SCR. 



boundary lines of maximum and 
minimum gate impedance on this 
characteristic diagram represent 
the loci of all possible triggering 
points for thyristors in this family. 
The curve OA represents the gate 
characteristic of a specific device 
that is triggered within the shaded 
area. 



high operating temperatures, the 
level of gate voltage required to 
trigger a thyristor approaches the 
minimum value, and undesirable 
noise signals may inadvertently 
trigger the device. The maximum 
nontriggering gate voltage at the 
maximum operating junction tem- 
perature of the device, therefore, 
is a measure of the noise-rejection 
evel of a thyristor. 

The gate voltage and current re- 
quired to switch a thyristor to its 
low-impedance state at maximum 
rated forward anode current can 
be determined from the circuit 
shown in Fig. 119. The value of 
resistor R2 is chosen so that maxi- 
mum anode current, as specified 
in the manufacturer's current rat- 




^I2V 



Trigger Level 

The magnitude of gate current 
and voltage required to trigger a 
thyristor varies inversely with 
junction temperature. As the junc- 
tion temperature increases, the 
level of gate signal required to 
trigger the thyristor becomes 
smaller. Worst-case triggering 
conditions occur, therefore, at the 
minimum operating junction tem- 
perature. 

The maximum value of gate 
voltage below the level required 
to trigger any unit of a specific 
thyristor family is also an im- 
portant gate characteristic. At 



Fig. 119-Test circuit used to determine 
gate-trigger-pulse requirements of 
thyristors. 



ing, flows when the device latches 
into its low-impedance state. The 
value of resistor Ri is gradually 
decreased until the device under 
test is switched from its high- 
impedance state to its low-im- 
pedance state. The values of gate 
current and gate voltage immedi- 
ately prior to switching are the 
gate voltage and current required 
to trigger the thyristor. 

The gate nontrigger voltage 
V GD is the maximum dc gate volt- 
age that may be applied between 
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gate and cathode of the thyristor 
for which the device can maintain 
its maximum rated blocking volt- 
age. This voltage is usually speci- 
fied at the rated operating tem- 
perature (100°C) of the thyristor. 
Noise signals in the gate circuit 
should be maintained below this 
level to prevent unwanted trigger- 
ing of the thyristor. 

Pulse Triggering 

The gate current specified in 
published data for thyristors is 
the dc gate trigger current re- 
quired to switch an SCR or triac 
into its low-impedance state. For 
practical purposes, this dc value 
can be considered equivalent to a 
pulse current that has a minimum 
pulse width of 50 microseconds. 
For gate-current pulse widths 
smaller than 50 microseconds, the 
pulse-current curves associated 
with a particular device should be 
used to assure turn-on. 

When pulse triggering of a thy- 
ristor is required, it is always ad- 
vantageous to provide a gate-cur- 
rent pulse that has a magnitude 
exceeding the dc value required to 
trigger the device. The use of 
large trigger currents reduces 
variations in turn-on time, in- 
creases di/dt capability, mini- 
mizes the effect of temperature 
variation on triggering charac- 
teristics, and makes possible very 
short switching times. When a 
thyristor is initially triggered into 
conduction, the current is con- 
fined to a small area which is 
usually the more sensitive part 
of the cathode. If the anode-cur- 
rent magnitude is great, the lo- 
calized instantaneous power dis- 



sipation may result in irreversible 
damage unless the rate of rise of 
principal current is restricted to 
tolerable levels to allow time for 
current spreading over a larger 
area. When a much larger gate 
signal is applied, a greater part 
of the cathode is turned on ini- 
tially; as a result, turn-on time 
is reduced, and the thyristor can 
support a much larger peak anode 
inrush current. 

The large coaxial gate structure 
and the "shorted-emitter" con- 
struction techniques used in RCA 
thyristors has extended the range 
of limiting gate characteristics 
well beyond that required for 
normal triggering. Advantage 
can be taken of the higher peak- 
power capability of the gate to 
improve dynamic performance, 
increase di/dt capability, mini- 
mize interpulse jitter, and reduce 
switching losses. This higher 
peak-power capability also allows 
greater interchangeability of thy- 
ristors in high-performance appli- 
cations. 

When a thyristor is triggered by 
a gate signal just sufficient to turn 
on the device, the entire junction 
area does not start to conduct in- 
stantaneously. Instead, as pointed 
out in the discussion on Critical 
Rate of Rise of On-State Current, 
the device current is confined to 
a small area, which is usually the 
most sensitive part of the cathode. 
The remaining cathode area turns 
on as the anode current increases. 
When a much larger signal is ap- 
plied to the gate, a greater part of 
the cathode is turned on initially 
and the time to complete the 
turn-on process is reduced. The 
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peak amplitude of gate-trigger 
currents must be large, therefore, 
when thyristors have to be turned 
on completely in a short period of 
time. Under such conditions, the 
peak gate power is high, and pulse 
triggering is required to keep the 
average gate dissipation within 
the values given in the manufac- 
turer's specifications. 

The forward gate characteris- 
tics for thyristors, shown in Fig. 
120, indicate the maximum allow- 
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Fig. 120-Forward-gate characteristics for 
pulse triggering of RCA SCR's: (a) low- 
current types, (b) high-current types. 

able pulse widths for various peak 
values of gate input power. The 
pulse width is determined by the 
relationship that exists between 
gate power input and the increase 
in the temperature of the thyris- 
tor pellet that results from the ap- 
plication of gate power. The 



curves shown in Fig. 120(a) are 
for RCA SCR's that have rela- 
tively small current ratings 
(2N4101, 2N4102, and S2600D 
types), and the curves shown in 
Fig. 120(b) are for RCA SCR's 
that have larger current ratings 
(2N3670, 2N3873, and 2N3899 
types). Because the higher-cur- 
rent thyristors have larger pellets, 
they also have greater thermal 
capacities than the smaller-cur- 
rent devices. Wider gate trigger 
pulses can therefore be used on 
these devices for the same peak 
value of gate input power. 

Because of the resistive nature 
of the "shorted-emitter" con- 
struction, similar volt-ampere 
curves can be constructed for 
reverse gate voltages and cur- 
rents, with maximum allowable 
pulse widths for various peak- 
power values, as shown in Fig. 
121. These curves indicate that 
reverse dissipations do not ex- 
ceed the maximum allowable 
power dissipation for the device. 

TRIGGER-CIRCUIT 
REQUIREMENTS 

The basic gate trigger circuit 
for a thyristor can be represented 
by a voltage source and a series 
resistance, as shown in Fig. 122. 
The series resistance should in- 
clude both the external circuit 
resistance and the internal genera- 
tor resistance. With this type of 
equivalent circuit, the conven- 
tional load-line approach to gate 
trigger-circuit design can be used. 
With pulse triggering, it is as- 
sumed initially that the turn-on 
time required to trigger all thyris- 
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tors of the same type is known, 
and that the maximum allowable 
gate trigger-pulse widths for spe- 
cific gate-power inputs are to be 
determined. 




92CS-2I350 

Fig. 122-Equivalent diagram of the basic 
gale-trigger circuit for a thyristor. 



The magnitude of gate-trigger 
current required to turn on all 
SCR's of a given type can be de- 
termined from the turn-on char- 
acteristics for typical devices 
shown in Fig. 123. The spread 
or band of turn-on characteristics 
for the same gate current results 
from the variation of gate-trigger 



characteristics among devices of 
the same family. Because of the 
greater overdrive factor involved, 
the same gate current applied to a 
device obviously turns on a low- 
gate-current device in much less 
time than that required to turn on 
a higher-gate-current device. For 
example, a gate-trigger current of 
100 milliamperes overdrives an 
SCR that requires a trigger current 
of only 2 milliamperes by a factor 
of 50 and causes the device to 
turn on very quickly, while an 
SCR that requires 10 milliamperes 
of trigger current is overdriven 
by a factor of 10 and is turned 
on more slowly. As the gate cur- 
rent increases, the band of turn- 
on characteristics becomes nar- 
rower, and an increase in gate 
current does not effectively de- 
crease the turn-on time. 

The turn-on characteristics 
shown in Fig. 123 indicate that a 
gate-trigger current of 1 ampere 
is required to assure that all de- 
vices of this type will turn on in 
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amperes). In addition, the width 
of the gate-trigger pulse should be 
at least 2.5 microseconds to en- 
sure that the SCR remains on after 
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Fig. 123-Typical turn-on time distribu- 
tion among RCA SCR's: (a) low-current 
types, (b) high-current types. 
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anode current to achieve the 
latching value. Conservative de- 
sign, however, requires the pulse 
width to be at least equal to the 
turn-on time. For inductive loads, 
the turn-on time is larger than 
indicated in the characteristics 
curves because of the slow rise 
of current through the inductance. 

A straight load line can then be 
plotted on the pulse triggering 
characteristics, as shown in Fig. 
124. The two points that deter- 
mine the position of this line are 
the source voltage (20 volts) and a 
point slightly above the intersec- 
tion of the required gate current 
(500 milliamperes) and the curve 
of maximum gate resistance. The 
load line should lie below the 
pulse-width curve required to 
trigger all SCR's (in this example, 
the 2.5-microsecond curve). The 
maximum allowable pulse width 
is obtained by estimation of the 
pulse-width curve tangent to the 
load line. In this example, the 
pulse width is estimated to be 30 
microseconds (the pulse-width 
curves are logarithmically spac- 
ed). The load line intersects the 
abscissa at the 4-ampere point. 
The maximum circuit resistance, 
therefore, is 5 ohms. The peak 
gate power is the product of gate 
voltage and gate current at the 
point of tangency of the pulse- 
width curve, and is approximately 
20 watts (10 volts x 2 amperes). 

When gate pulses are used to 
trigger SCR's, the maximum al- 
lowable operating frequency f is 
dependent upon the average 
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Fig. 124— Forward gate characteristics of 
typical RCA SCR's showing load line for a 
source of 20 volts and a required gate 
current of I ampere. 



g(avg) 



power rating of the gate P L 
and can be determined from the 
following equation: 



f - Pg(avg/Pg(pk) X PW g 



(30) 



where P g(pk) is the peak gate 
power and PW g is the gate pulse 
width. 

If it is assumed that only half 
the total average gate-dissipation 
rating, or 0.25 watt, is used to 
trigger the device, this value is 
used in the frequency calculation. 
For example, if this value is 0.25 
watt for the SCR selected, then 
the maximum allowable operating 
frequency is determined as fol- 
lows: 

f = 0.25 W 

20W x 2.5 x 10" 6 second 

= 5000 Hz 

If there is no reverse gate power 
dissipation, the maximum allow- 
able frequency can be 10,000 Hz. 
If the maximum allowable pulse 
width is 30 microseconds, the 
maximum allowable operating fre- 
quency is proportionately re- 
duced to 416 Hz. 



The trigger-circuit design is 
usually fixed by the requirements 
for reliable triggering, and re- 
verse gate dissipation is consid- 
ered after the values of source 
voltage and circuit resistance 
have been determined. Reverse 
gate power dissipation results 
from reverse gate-bias conditions 
or circuit reaction caused by some 
switching function. As in the case 
of the forward gate characteris- 
tics, a load-line approach can also 
be used to determine the reverse 
gate characteristics. The maxi- 
mum anticipated value of reverse 
gate potential is used as the 
source voltage, and the external 
circuit resistance is used to de- 
termine the slope of the load line. 
The load line on the reverse gate 
characteristics shown in Fig. 125 
represents a reverse gate-source 
voltage of 24 volts and an ex- 
ternal-circuit resistance of 5 
ohms. From the relationship that 
exists among pulse width, average 
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Fig. 125-Reverse gate characteristics for 
typical RCA SCR's showing load line for 
a reverse gate-source voltage of 24 volts 
and an external circuit resistance of 5 
ohms. 
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gate power, peak gate power, and 
frequency, a maximum pulse 
width can be calculated for the 
actual operating frequency. For a 
reverse gate dissipation of 0.25 
watt, peak gate power of 10 watts, 
and a frequency of 5000 Hz, the 
maximum allowable pulse width 
PW is calculated as follows: 

PW = 0-25 W m 

5000 Hz x 10W 
= 5 microseconds 

This reverse gate-pulse width 
should be less than the maximum 
allowable pulse width, as deter- 
mined by the curve that lies just 
below the load line on Fig. 125. In 
this example, the maximum allow- 
able pulse width for reverse dis- 
sipation is 100 microseconds. 

The total average dissipation 
caused by gate-trigger pulses is 
the sum of the average forward 
and reverse dissipations. This to- 
tal dissipation should correspond 
to the average gate power dissi- 
pation shown in the published 
data for the selected SCR. If the 
average gate dissipation exceeds 
the maximum published value, as 
the result of high forward gate- 
trigger pulses and transient or 
steady-state reverse gate biasing, 
the maximum allowable forward- 
conduction-current rating of the 
device must be reduced to com- 
pensate for the increased rise of 
junction temperature caused by 
the increased gate power dissipa- 
tion. 

The trigger-circuit design con- 
siderations described for RCA 
SCR's also apply to RCA triacs. 
Although both types of devices 



are triggered in the same manner, 
the triac can be triggered by 
either positive or negative gate- 
trigger pulses independent of the 
polarity of the voltage between 
the main terminals. 

SWITCHING 
CHARACTERISTICS 

The ratings of thyristors are 
based primarily upon the amount 
of heat generated within the de- 
vice pellet and the ability of the 
device package to transfer the in- 
ternal heat to the external case. 
For high-frequency applications 
or for high-performance applica- 
tions that require large peak 
values but narrow current pulses, 
the energy lost during the turn-on 
process may be the main cause of 
heat generation within the thyris- 
tor. The switching properties of 
the device must be known, there- 
fore, to determine power dissipa- 
tion which may limit the device 
performance. 

Turn-on Time 

When a thyristor is triggered by 
a gate signal, the turn-on time 
of the device consists of two 
stages, a delay time t d and a rise 
time t T , as shown in Fig. 126. 
The total turn-on time L, is de- 
fined as the time interval between 
the initiation of the gate signal and 
the time when the resulting cur- 
rent through the thyristor reaches 
90 per cent of its maximum value 
with a resistive load. The delay 
time t d is defined as the time 
interval between the 10-per-cent 
point of the leading edge of the 
gate- trigger voltage and the 10- 
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per-cent point of the resulting 
current with a resistive load. The 
rise time t r is the time interval 
required for the principal current 
to rise from 10 to 90 per cent of its 
maximum value. The total turn-on 
time, therefore, is the sum of both 
the delay and rise times of the 
thyristor. 
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Fig. 126-Gate current and voltage turn-on 
waveforms for a thyristor. 

Conventional SCR's and 
Triacs — Although the turn-on 
time of an SCR or a triac is 
affected to some extent by the 
peak off-state voltage and the 
peak on-state current level, it is 
influenced primarily by the mag- 
nitude of the gate-trigger current 
pulse. Fig. 127 shows the varia- 
tion in turn-on time with gate- 
trigger current for the RCA- 
2N3873 SCR. When larger currents 
are available from the gate-trigger 
pulses, the delay time portion of 
the turn-on period is reduced, and 
the over-all turn-on time is de- 
creased. When it is desirable to 
reduce the variation in turn-on 
time among devices of the same 
type, higher gate-drive signals 
should be used. Turn-on time is 
specified by the thyristor manu- 



facturer at the rated blocking 
voltage. 

When a thyristor is turned on by 
a gate-current pulse, current does 
not start to flow throughout the 
entire junction instantaneously; 
instead, the current is confined in- 
itially to a small area adjacent to 
the gate. The voltage drop across 
the thyristor at this time is large 
because the current density in the 
small area that is turned on is 
high. As the conduction area in- 
creases, the current density is 
reduced, and the voltage drop 
across the thyristor becomes 
smaller. Eventually, the bound- 
aries of the high-current-density 
region propagate across the entire 
junction area. The time required 
for completion of this spreading 
action is considerably longer than 
that defined by turn-on time spec- 
ifications. For resistive loads, the 
turn-on time can be defined as the 
time interval between the 10-per- 
cent point at the beginning of the 
gate voltage and the instant at 
which the applied blocking 
voltage decreases to 10-per-cent 
of its original value. 
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Fig. 127-Turn-on time characteristics for 
the RCA-2N3873 SCR. 
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For thyristors operated at low 
blocking voltages, the 10-per-cent 
value for the on-state voltage drop 
is insignificant from the stand- 
point of device dissipation. For 
thyristors operated at blocking 
voltages in the order of hundreds 
of volts, however, an on-state 
voltage equal to 10 per cent of the 
blocking voltage may result in an 
appreciable amount of device dis- 
sipation. Moreover, the typical 
turn-on time, as defined for ade- 
quate gate drives, may be in the 
order of 2 to 3 microseconds, 
while the time required for con- 
duction to spread over the entire 
junction area may be in the order 
of 20 microseconds. 

During the spreading time, the 
dynamic voltage drop is high, and 
the current density can produce 
localized hot spots in the pellet 
area in conduction. In order to 
guarantee reliable operation and 
to provide guidance for equipment 
designers in applications having 
short conduction periods, pub- 
lished data for RCA thyristors 
give the voltage drop at a given 
instantaneous forward current 
and at a specified time after turn- 
on from an off-state condition. 
The wave shapes for the initial 
on-state voltage for the RCA- 
2N3873 SCR are shown in Fig. 
128. This initial voltage, together 
with the time required for reduc- 
tion of the dynamic forward 
voltage drop during the spreading 
time, is an indication of the cur- 
rent-switching capability of the 
thyristor. 

When the entire junction area 
of a thyristor is not in conduction, 
the current through that fraction 



of the pellet area in conduction 
may result in large instantaneous 
power losses. These turn-on 
switching losses are proportional 
to the current and the voltage 
from cathode to anode of the 
device, together with the repeti- 
tion rate of the gate-trigger pulses. 




Fig. 128-Initial on-state voltage and cur- 
rent waveforms for the 2N3873 SCR. 



The instantaneous power dissi- 
pated in a thyristor under such 
conditions is shown in Fig. 129. 
The curves shown in this figure 
indicate that the peak power dis- 
sipation occurs in the short in- 
terval immediately after the de- 
vice starts to conduct, usually in 
the first microsecond. During this 
time interval, the peak junction 
temperature may exceed the max- 
imum operating temperature 
given in the manufacturer's data; 
in this case, the thyristor should 
not be required to block voltages 
immediately after the conduction 
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interval. If the thyristor must 
block voltages immediately fol- 
lowing the conduction interval, 
the junction-temperature rating 
must not be exceeded, and suffi- 
cient time must elapse to allow 
the junction temperature to de- 
crease to the operating tempera- 
ture before blocking voltage is re- 
applied to the device. 
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Fig. 129-Instantaneous power dissipation 
in a thyristor during turn-on. 

The transient temperature rise 
may have a major effect on the 
turn-off time of a thyristor. As a 
result, when transient effects have 
to be considered, turn-off time 
measurements should be made 
under pulsed conditions. 

GTO Devices— The GTO can be 
turned on, in a manner similar to 
that of conventional SCR's, by 
pulsing the gate positive with 
respect to its cathode. As posi- 
tive current is applied to the gate, 
the voltage current relationship 
resembles that of a forward biased 



p-n junction until the point is 
reached at which the loop gain be- 
comes unity and regeneration 
takes over to switch the GTO 
"on". The GTO, however, be- 
haves differently from a conven- 
tional SCR during the turn-on 
process. Because of design com- 
promises to achieve fast gate- 
turn-off capability, the high re- 
generative gain inherent in con- 
ventional SCR's is reduced in the 
GTO design. Essentially, the GTO 
incorporates the regenerative 
properties of the two-transistor 
models for SCR's, but loop gain 
is reduced, so as to achieve turn- 
off control at the gate. The gate 
must be able to divert enough 
carriers away from the cathode 
to enable the complete GTO to 
revert to the "off" state upon 
imposition of a negative gate-to- 
cathode bias. As a result of this 
requirement, some of the normal 
SCR trigger or turn-on properties 
are modified. 

In effect, turn-on in a GTO is 
similar to that in a desensitized 
SCR. If sufficient gate drive is 
applied during turn-on, satisfac- 
tory performance can be achiev- 
ed. Fig. 130 shows the effect of 
increased values of gate current 
on anode-current rise time for two 
values of on-state anode current. 

The on-state voltage of the GTO 
is a function of the regenerative 
properties of the device; the 
transient on- state voltage drop, 
therefore, can be reduced by use 
of an increased gate drive, as 
indicated in Fig. 131. Fig. 132 
shows the typical anode voltage- 
current waveforms during the 
turn-on process. 
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Fig. 131 -Effect of forward gate drive on anode transient forward voltage drop during 

GTO turn-on. 
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F/g. 132-Typical anode voltage and current waveforms during GTO turn-on. 
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Basically, the following four 
factors influence GTO turn-on: 

a. Forward drive (amplitude 
and rise time of gate current) 

b. The level of anode, or prin- 
cipal, current (I A ) that will 
be switched — Fig. 130 shows 
the effect of different on- 
state anode currents on rise 
time. 

c. Temperature — Because of 
the controlled regenerative 
properties of the GTO, more 
drive is needed at lower 
temperature to achieve the 
same turn-on as that at room 
temperature. Fig. 133 shows 
turn-on rise and delay times 
as functions of temperature. 

d. Anode voltage — Fig. 134 
shows rise and delay times 
as functions of anode volt- 
age. 

Turn-on dissipation is mini- 
mized when adequate gate drive 
is provided and the device is not 
switched to currents beyond rec- 
ommended levels. Turn-on losses 
are normally small relative to 
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Fig. 134-Delay and rise times as a 
function of anode voltage. 
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Fig. 133-Turn-on rise and delay times as 
a function of case temperature. 



turn-off losses, but it is good prac- 
tice to minimize these losses to 
prevent localized heating (hot 
spots) and to maintain a low over- 
all junction temperature. Turn-on 
hot spots are significant because 
they may adversely affect turn-off 
for short-duration current pulses. 
Turn-on dissipation is a direct 
function of the time integral of 
the transient voltage-current pro- 
duct; only rise-time and satura- 
tion-time losses, therefore, con- 
tribute to this dissipation. 
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Turn-off Time (for SCR's) 

Turn-off time of a thyristor is 
associated only with SCR's. In 
triacs, a reverse voltage cannot 
be used to provide circuit-com- 
mutated turn-off voltage because 
a reverse voltage applied to one 
half of the triac structure would 
be a forward voltage for the other 
half. 

When the forward current of 
an SCR is reduced to zero at the 
end of the conduction period, the 
application of forward voltage 
between the anode and the ca- 
thode terminals must be delayed 
for a definite length of time if 
the device is expected to block 
the reapplied forward voltage. 
This required minimum amount 
of time is referred to as the turn- 
off time of the SCR. In most prac- 
tical applications, the forward 
current is removed from the SCR 
by the reversal of current flow 
in the circuit with a gradual, 
controlled rate of change. The de- 
creasing forward current passes 
through zero and becomes nega- 
tive before the SCR ceases to con- 
duct and blocks the reverse volt- 
age impressed on the device by 
the circuit. The turn-off time t q 
is measured from the time at 
which the decreasing forward 
current I x passes through zero to 
the point at which the reverse 
voltage blocked by the SCR 
passes through zero and becomes 
positive, as shown in Fig. 135. 

After forward conduction, the 
reverse current in the circuit will 
continue to flow through the SCR 
until a depletion layer has de- 
veloped across the reverse-block- 
ing junction. The reverse current 



reaches a peak value (I RRM ) and 
then starts to decay to zero, as 



dv/dt-»/ 




— »| ttr |« t gr h 

t- t„ 4 



92CS-2I358 

Fig. 135-Circuit-commutated turn-off 
voltage and current waveforms for an 
SCR. 

shown in Fig. 136. Before the re- 
verse current starts to decay, the 
rate of change of this current 
( — di/dt) is controlled by the cir- 
cuit, and a positive voltage is 
maintained across the terminals 




U t rr -I 

92CS-2I359 

Fig. 136SCR voltage and current wave- 
forms during the recovery of the reverse- 
blocking junction. 



152 



RCA Thyristor and Rectifier Manual 



by the stored charges in the SCR. 
During decay, the rate of change 
of the reverse current is mainly 
controlled by the SCR, and re- 
verse voltage increases across the 
cathode-to-anode terminals until 
the full reverse-blocking voltage 
impressed on the SCR by the cir- 
cuit is achieved. This time inter- 
val, which is designated t,- r in Fig. 
136, is referred to as the reverse- 
recovery time. The definition of 
the reverse-recovery time for an 
SCR is the same as for rectifier 
diodes (refer to section on Sili- 
con Rectifiers). 

The decay of the reverse cur- 
rent from the peak value in most 
SCR's is fast and produces an 
under-damped oscillation super- 
imposed on the reverse blocking 
voltage. The amplitude and fre- 
quency of this oscillation depend 
mainly on the "snap-off" charac- 
teristics of the reverse recovery 
current, the reverse-blocking 
junction capacitance of the SCR, 
the wire or circuit inductance, 
and stray circuit capacitance. 

The turn-off time presented to 
the SCR by the circuit is referred 
to as the circuit turn-off time. 
For successful operation of the 
SCR in the circuit, the circuit 
turn-off time under all operating 
conditions should be greater than 
the device turn-off time. The SCR 
turn-off time is measured by re- 
ducing the circuit turn-off time 
to a minimum value at which the 
reapplied forward voltage is still 
blocked. 

Dependence of SCR Turn-off 
Time on Operating Conditions — 

For a given SCR, the turn-off 



time varies significantly with dif- 
ferent waveforms and tempera- 
tures presented to the device. For 
reliable operation, it is essential 
during circuit design that the 
variations in turn-off time as a 
function of operating conditions 
be taken into account. With the 
proper anticipation of the oper- 
ating conditions and SCR turn-off 
time, the circuit turn-off time 
may be selected without exces- 
sive margin that would result in 
poor utilization efficiency of the 
SCR. 

Temperature: Among all the 
parameters, temperature has the 
greatest effect on the turn-off 
time. The turn-off time of the 
SCR increases with increasing 
junction temperature. Fig. 137 
shows turn-off time as a function 
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Fig. 137-TypicaI variation of turn-off 
time with junction temperature (rectangu- 
lar pulse). 

of junction temperature for a 
typical RCA SCR. Turn-off time 
is normally measured at elevated 
temperatures. 

On-state current: An increase 
in on-state current causes a cor- 
responding increase in the turn- 
off time. The effect of the on-state 
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current on turn-off time is some- 
what greater at higher tempera- 
tures, as shown in Fig. 138. Turn- 
off time is also affected by the 
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Fig. 138-Typical variation of turn-off time 
with on-state current. 



rate of change of on-state cur- 
rent prior to turn-off. In other 
words, the SCR "remembers" the 
on-state current history for sev- 
eral microseconds prior to turn- 
off. For example, the turn-off 
time measured for on-state cur- 
rent waveforms such as (a) and (b) 
in Fig. 139 may be shorter than 
that measured for the waveform 
(c). The prior-to- turn-off history 
of the on-state current (c) in Fig. 
139 is more severe than that of the 
currents (a) and (b). The sensi- 



tivity of the SCR's to on-state cur- 
rent history varies from device 
to device. 

Magnitude and rate of rise of 
reapplied forward voltage: If the 

rate of rise (dv/dt) of the reap- 
plied forward blocking voltage is 
held constant, the turn-off time 
increases with increasing forward 
blocking voltage. The rate of in- 
crease of turn-off time as a func- 
tion of reapplied forward-blocking 
voltage becomes greater at higher 
dv/dt values, as shown in Fig. 
140. The SCR turn-off time is 
affected to a greater degree by 
variation in the dv/dt of the re- 
applied forward blocking voltage. 
The effect of increased dv/dt on 
the device turn-off time may be 
off-set by the application of nega- 
tive bias to the gate of the SCR. 

Negative gate bias: Normally 
during the turn-off time measure- 
ment, the gate of the SCR is con- 
nected to zero voltage which is 
applied through a specified gate 
resistor. If a negative bias is ap- 
plied to the gate, the turn-off time 
of the SCR may be reduced (as 
shown in Fig. 141), and the dv/dt 
capability improved. The effect of 
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Fig. 139-Waveforms showing effect of the rate of change of on-state current prior to 

turnoff on turnoff time. 
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Fig. 140-Typical variation of turn-off 
time with rate of rise of reapplied off-state 
voltage (rectangular pulse). 

negative bias on turn-off time is 
more pronounced at higher junc- 
tion temperatures. At higher bias 
voltages, the effectiveness of the 
negative bias slowly diminishes. 
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Fig. 141-Typical variation of turn-off 
time as a function of negative gate bias. 

Fig. 141 shows that the dv/dt 
capability of the SCR can be im- 
proved greatly by the application 
of a few volts of negative bias 
to the gate during the rise of the 
reapplied forward blocking volt- 
age. The negative voltage reverse- 
biases the gate-cathode junction 
and provides a path for the dis- 
placement current that charges 



the forward-blocking junction 
capacitance. Without the negative 
bias, the displacement current 
flows through the shorted-emitter 
resistor (and through the gate- 
cathode junction). If the magni- 
tude of this current is too high 
(excessive amount of dv/dt 
stress), the forward bias on the 
gate-cathode junction will turn 
on the SCR. In a reliable design, 
the amplitude and duration of the 
negative bias should be selected 
so that it does not exceed the 
gate-to-cathode reverse break- 
down voltage and the maximum 
allowable gate power dissipation. 

Reverse blocking voltage: The 

effect of the reverse voltage im- 
pressed on the anode-to-cathode 
terminals on the turn-off time 
becomes minor above a certain 
voltage level. Normally, the turn- 
off time decreases with increas- 
ing reverse voltage. 

Concentrated turn-on losses: 
If the SCR is stressed beyond its 
capability during turn on, some 
hot spots may be generated in the 
device, as explained in the sec- 
tion on Critical Rate of Rise of 
On-State Current. If the rate at 
which conduction spreads in the 
SCR is slow compared to the rate 
at which the load current rises, 
an excessive amount of energy is 
dissipated in a small volume of 
the pellet. The temperature in 
this small volume then increases 
to unusually high magnitudes. 
This localized high temperature 
("hot spot") increases the turn- 
off time Of the device. The inter- 
action of the turn-on capability 
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of the device with the turn-off 
capability may be indicated by 
the appropriate selection of test 
conditions. A narrow pulse width 
with high peak current at rated 
voltage maximizes the turn-on 
stresses on the device. The nar- 
row pulse width also prevents the 
hot spots from cooling down be- 
fore the blocking voltage is re- 
applied, as shown in Fig. 142. 

For applications in which turn-on 
stresses are not encountered, the 
turn-off time of the device may be 
measured with a wide square 
wave current pulse that turns on 
the SCR from a low supply volt- 
age. The low voltage will mini- 
mize the turn-on dissipation, and 




Fig. 142-Waveforms used to test the 
turn-off time of an SCR with severe turn- 
off stresses. 



the wide current pulse allows 
time for any "hot spots" to cool. 
The waveforms shown in Fig. 143 
illustrate this condition. 

Turn-off Time Test Circuit— 

Because the turn-off time of an 
SCR depends upon a number of 
circuit parameters, the manufac- 
turer's turn-off time 



is meaningful only if these critical 
parameters are listed and the test 
circuit used for the measurement 
is indicated. 

V DX = 600 V 





it 





30 V 



dv/dt/=200 V//is 
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.-1 pw = 50/lS_»| 92CS-2I366 

Fig. 143— Waveforms used to test the 
turn-off time for an SCR for wide square- 
wave applications and applications in 
which turn-on stresses are negligible. 

Fig. 144 shows a simple test 
circuit used to measure turn-off 
time. The circuit subjects the 
SCR to current and voltage wave- 
forms similar to those encount- 
ered in most typical applications. 
In the circuit diagram, SCRi is the 
device under test. Initially, both 
SCR's are in the off-state; push- 
button switch SWi is momentarily 
closed to start the test. This ac- 
tion turns on SCRi and load cur- 
rent flows through this SCR and 
resistor R2. Capacitor Ci charges 
through resistor R3 to the voltage 
developed across R2. If the sec- 
ond push-button switch SW2 is 
then closed, SCR2 is turned on. 
SCRi is then reverse-biased by 
the voltage across capacitor Ci. 
The discharge of this capacitor 
causes a short pulse of reverse 
current to flow through SCRi until 
this device recovers its reverse- 
At some time 




Ri, Rt = 100 ohms 0.1 to 1 ohm 

Ra = variable resistor, Ci : variable capacitor, 

0.7 to 50 ohms 0.1 to 1 <iF, 150 V 

Ra = 5000 ohms SCRi = SCR under test 

Rs = variable resistor, SCR2 = RCA-4037B 
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Fig. 144-Test circuit and voltage wave- 
forms used to determine turn-off times of 
thyristors. 

tt, the anode-to-cathode voltage 
of SCRi passes through zero and 
starts to build up in a forward 
direction at a rate dependent upon 
the time constant of Ci and R2. 
The peak value of the reverse 
current during the recovery per- 
iod can be controlled by adjust- 
ment of potentiometer R5. If the 
turn-off time of SCRi is less than 
the time ti, the device will turn 
off. The turn-off interval ti can 
be measured by observation of 
the anode-to-cathode voltage of 
SCRi with a high-speed oscillo- 
scope. A typical waveform is 
shown in Fig. 144. 

Turn-off Switching (for GTO's) 

An important consideration in 
the application of gate-turn-off 
SCR's is the switching dissipation 
that occurs during the turn-off 



period. During this switching in- 
terval, the device is in the active 
mode of operation during which it 
switches from a low- voltage, high- 
current state to a high- voltage, 
low-current state. The switching 
performance of the GTO is a 
direct function of the ability of 
the device to get rid of the heat 
generated during this switching 
interval. The switching dissipa- 
tion is a direct result of the speed 
at which the device can turn off 
and the effect that this speed has 
on inductive elements in the rest 
of the circuit. 

Fig. 145 shows a typical test 
circuit used to measure the 
switching times of a gate-turn-off 
SCR, and Fig. 146 shows the 
waveforms for the gate-drive volt- 
age and the anode current. Cur- 
rent-viewing resistors are used to 
observe the anode, cathode, and 
gate currents. The waveforms for 
the anode current I x , shown in 
Fig. 146, indicate that turn-off 
switching time consists of two 
components as follows: 

1. Storage time (t s ) which re- 
presents the time for the 
anode current to decrease 
from its on value to 90 per- 
cent of its on value after 
the turn-off gate pulse is 
applied. 

2. Fall time (t f ) which repre- 
sents the time for the anode 
current to decrease from 90 
percent of its on value to 10 
percent of its on value. 

Turn-off time, therefore, is de- 
fined by the following equation: 

T gq = t s + tf (32) 
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Fig. 145-Test circuit used to measure switching times in gate-turn-off SCR' s. 



Switching times are dependent 
on circuit drive and anode condi- 
tions. The turn-off times, which 
are the most critical, are very 
temperature dependent. Because 
worst-case turn-off times occur 




Fig. 146-Gate-drive voltage (a) and anode- 
current (b) waveforms. 



at the maximum junction temper- 
ature, characterization at this 
temperature provides the most 
useful information about device 
switching performance. One way, 
and perhaps the most convenient 
way, to determine turn-off dissi- 
pation is to heat the case of the 
device to a value equal to the 
maximum rated junction tempera- 
ture. The device is then turned on 
to the current level at which the 
turn-off time is to be investigated, 
and the device is turned off. For 
this test, the device must be oper- 
ated under low-duty-cycle condi- 
tions to prevent further substan- 
tial heating of the junction. The 
gate drive is also an important 
circuit condition with respect to 
turn-off dissipation. Optimum 
operation of the device requires 
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the use of a voltage type drive 
circuit, i.e., a circuit with a low 
output impedance. The device in- 
ternal gate impedance will limit 
the peak reverse gate current. The 
magnitude of this reverse current 
is dependent on the anode cur- 
rent, the gate voltage, and the 
turn-off time. Fig. 147 shows a 
typical example of the anode-cur- 
rent, gate-current, and gate-volt- 
age waveforms. 




(a) « 




(bi 
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Fig. 14/ '-Anode-current (a), gate-voltage, 
and gate-current (b) waveforms. 

As previously mentioned, the 
turn-off characteristics are de- 
pendent not only on drive condi- 
tions, but also on anode circuit 
conditions. Because fall time re- 
presents the interval during which 
most of the dissipation occurs, the 
first consideration is how the fall 
time changes with anode current. 



Fig. 148 shows the maximum fall 
time tf for the RCA G5001 series 
of gate- turn off SCR's as a func- 
tion of anode current under the 
constant drive conditions of V gq = 
-70 V and T, = 125°C. As the 
anode current increases to 10 am- 
peres, the fall times increases to 4 
microseconds. For an anode cur- 
rent of 15 amperes, the fall time is 
9 microseconds. 

The effects of the anode supply 
voltage on device turn-off char- 
acteristics should be considered 
from several points of view. Fig. 
149 shows a normalized curve of 
fall time as a function of the anode 
supply voltage. This curve points 
out that, for a resistive load, fall 
time increases as a semi-logarith- 
mic function. The fall time is 
normalized to 1 for a supply volt- 
age V DD of 100 volts. The norm- 
alized value increases 2.65 times 
for a device that turns off into 
a 1000-volt anode source. The 
normalized curve also indicates 
that the device can be turned off 
faster if the anode voltage across 
the device is maintained at a low 
value during the current fall time. 
The RC snubber network is the 
most common circuit technique 
used for this purpose. To obtain 
maximum effect from the snub- 
ber, a diode should be placed 
in parallel with the resistor, as 
shown in Fig. 150. This diode 
allows the capacitor to act essen- 
tially as a short circuit with the 

load current being diverted into 
the capacitor as the device turns 
off. The resistor prevents a high 
in-rush current with a fast di/dt 
from damaging the device when it 
is turned back on. 
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Fig. 148-Maximum fall time as a function of on-state current. 
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Fig. 149-Normalized fall time as a function of off-state anode voltage. 
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Fig. 150-RC snubber network and clamp 
diode used to reduce transient dissipa- 
tion in a GTO. 



Other methods commonly em- 
ployed in inductive loads are also 
applicable to the gate-turn-off 
SCR. Such circuits as the various 
diode clamp circuits shown in Fig. 
151 may be used. Design of the 
circuit should be such as to pre- 
vent the peak power dissipation 
from exceeding the capability of 
the device. 

The gate drive is another fac- 
tor that affects the GTO switching 
performance. As previously men- 
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Fig. 151-Circuit diagrams that illustrate different ways of limiting the peak voltage 

during turn-off. 
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tioned, best turn-off is obtained 
when the GTO is driven from a 
constant voltage source. Fig. 152 
shows a normalized curve of fall 
time as a function of gate-turn-off 



tor cannot be great enough to 
cause the voltage on the gate to 
drop below the recommended 
minimum value for the time re- 
quired. Constant-current drives, 
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Fig. 152-Normalized fall time as a function of gate-turn-off voltage. 



voltage. This curve points out 
that the fall time of the device 
increases to about 2.6 times its 
70-volt value when the device is 
driven off with a drive of only 
50 volts and 12.5 times for a drive 
of 30 volts. 

When other types of drive cir- 
cuits are used, several restrictions 
are imposed by the GTO. First, 
the reverse gate-breakdown volt- 
age must never be exceeded. If 
this breakdown voltage is ex- 
ceeded, loss of gate-control capa- 
bility can result. Second, the 
drive circuit must be able to sup- 
ply sufficient voltage at the end 
of the turn-off period. For ex- 
ample, under capacitive types of 
drive, the discharge of the capaci- 



if used, must be voltage-clamped 
below the gate-breakdown volt- 
age under all gate-impedance 
conditions. As previously men- 
tioned, the gate impedance limits 
the peak current that can be ex- 
tracted for a given set of drive 
conditions. 

One of the most important par- 
ameters which determine the turn- 
off speed of the GTO is junction 
temperature. As the GTO heats 
up, internal mechanisms tend to 
cause the device to turn off more 
slowly. Fig. 153 shows this effect 
in a curve that is normalized to 
125°C. This curve shows that the 
fall time is shortened as the junc- 
tion temperature is decreased 
from the maximum rated value. 
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Fig. 153-Normalized fall time as a function of case temperature. 



For example, the fall time for the 
RCA-G5001 GTO devices, which 
is specified as 1 microsecond max- 
imum for a junction temperature 
of 125°C, is reduced to 0.6 mic- 
rosecond for a junction tempera- 
ture of 100°C. 

Turn-off switching performance 
as outlined above is the result of 
many factors; all these factors 
must be taken into consideration 
to determine the effect that the 
power dissipation during turn-off 
has on the operation of the device. 
It is this dissipation that deter- 
mines the true switching perform- 
ance of the GTO. Switching 
through a high-dissipation load 
line results in losses that restrict 
the device with respect to both 
the average-power limit and the 
peak-power limit imposed by the 
localized heating during turn-off. 

The most accurate way to de- 



termine switching losses during 
the turn-off interval is to obtain 
the actual voltage and current 
waveforms and perform an inte- 
gration of their product. This 
integration would yield the switch- 
ing losses for that cycle and, when 
multiplied by the frequency, 
would give the average turn-off 
power dissipation. This value then 
could be used in conjunction with 
the losses that result from the 
steady-state conduction to deter- 
mine the maximum case tempera- 
ture allowable for the device oper- 
ating conditions. 

To assure that the GTO will 
switch reliably, care must be taken 
to prevent the device from be- 
coming damaged during the turn- 
off interval; that is, the device 
must not be stressed in excess of 
its capabilities during turn-off. 
Fig. 154 shows safe-operating- 
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circuit designer assure that the 
dissipation capabilities of the 
GTO are not exceeded during 
turn-off. 



(of Triacs) 

Turn-off time as associated with 
SCR's and GTO's is not an im- 
portant characterization for triacs. 
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These curves indicate the max- 
imum current that can be switched 
when the GTO is turning off into 
a given anode voltage supply 
under the give gate-drive condi- 
tions. For example, a GTO that 
operates from a 400-volt supply 
and that is driven with a 70-volt 
gate signal can turn off 6.8 am- 
peres. If the gate is driven by 50 
volts, however, only 5.4 amperes 
can be switched. Points below and 
to the left of the gate-voltage line 
can be switched safely. The safe- 
operating-area curves shown in 
Fig. 154, however, do not take 
into account the effects that the 
turn-off dissipation has on the 
average power dissipation in the 
device. 



The need to support (block) a 
reapplied voltage in the opposite 
quadrant becomes the important 
consideration in triac applica- 
tions. The ability of a triac to 
support this voltage after conduc- 
tion is characterized as the critical 
rate of rise of commutation volt- 
age, or more simply as the corn- 
mutating dv/dt. 

In triac ac power-control appli- 
cations, if the gate drive is re- 
moved, the triac turns off, or 
commutates, at the next zero 
current crossing. At that time, the 
voltage impressed across the main 
terminals of the triac is dependent, 
to a large extent, upon the type 
of load impedance. For resistive 
loads, the voltage is in phase with 
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the current, and the voltage that 
is reapplied at the zero current 
crossing is the source voltage. 
If the stray inductance of the 
circuit wiring is minimal, the rate 
of reapplication of voltage is low, 
typically 0.064 volt per micro- 
second for a 120-volt 60-Hz 
source. For circuits in which the 
load impedance has a significant 
inductive component, the voltage 
leads the current by some phase 
angle <f>. At current zero, after 
a triac that is used in such cir- 
cuits turns off, it must block the 
instantaneously reapplied line 
voltage of reverse polarity. The 
turn off of the triac causes a 
rapid decay of the current through 
the load inductance. The inductive 
"flywheel" effect then produces 
a rapidly rising voltage stress 
across the main terminals of the 
triac. If the rate of rise of this 
voltage exceeds some critical 
value, the triac can be turned 



back on. In general, this meth- 
od of turn on does not cause any 
damage to the triac, but it does 
result in the loss of control over 
the power delivered to the load. 
As stated previously, the maxi- 
mum permissible rate of rise of 
an off-state that is reapplied to 
a triac is characterized as the 
commutating dv/dt capability of 
the device. 

The commutating dv/dt is a 
major operating characteristic 
used to describe the performance 
capability of a triac. The char- 
acteristic can be more easily un- 
derstood if the triac pellet, shown 
in Fig. 155, is considered to be 
divided into two halves. One half 
conducts current in one direction, 
the other half conducts in the op- 
posite direction. The main block- 
ing junctions and a lightly doped 
n-type base region in which charge 
can be stored are common to both 
halves of the triac pellet. 
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Fig. 155-Junction diagram of a typical triac pellet showing current flow in the first- 
quadrant (I) side and creation of the blocking space-charge region on the third- 
quadrant (III) side. 
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Charge is stored in the n-type 
base when current is conducted in 
either direction. The amount of 
charge stored at the end of con- 
duction depends on the commu- 
tating di/dt, i.e., the rate of de- 
crease of load current as commu- 
tation is approached. The junction 
capacitance of the triac at com- 
mutation is a function of the re- 
maining charge at that time. The 
greater the di/dt, the more re- 
maining charge, and the greater 
the junction capacitance. When 
the circuit voltage changes di- 
rection, the current in the con- 
ducting half of the triac reduces 
to zero, and reverse recovery 
current flows until a depletion 
layer is established. The device 
voltage then reverses direction, 
and the remaining charge may 
diffuse into the opposite half of 
the triac structure, as indicated 
by the dashed line in Fig. 155. 
The rate of rise of this voltage 
(commutating dv/dt) in conjunc- 
tion with the juntion capacitance 
results in a current flow that is 
similar in its effect to the gate 
current. This current flow, if large 
enough, can cause the triac to 
revert to the conducting state in 
the absence of a gate signal. 

The commutating dv/dt capa- 
bility is specified in volts per 
microsecond for the following 
conditions: 

1. the maximum rated on-state 
current [I T(RM?) ]; 

2. the maximum case tempera- 
ture for the rated value of on- 
state current; 

3. the maximum rated off-state 
voltage (V DROM ); 

4. the maximum commutating 



di/dt (where di/dt = I pk sin <ut 
and u> = 2-n-f); 

5. zero gate bias (worst-case, 
zero-power-factor load). 

Commutating dv/dt can be un- 
derstood as a function of a prac- 
tical circuit and related to the 
above conditions by considera- 
tion of a simple triac circuit that 
consists of an inductive load such 
as a motor. This circuit is shown 
in Fig. 156, together with wave- 
forms for the circuit. If a gate 
signal that allows continuous 
conduction is applied to the triac, 
the load current (I L ) lags the line 
voltage (V LINE ) by approximately 
90 degrees for the inductive load. 
During the triac on-state con- 
duction, the voltage across the 
triac (V T ) is in phase with the 
line current I L and typically will 
have an amplitude of ± 1 .5 volts. 

When the gate signal is re- 
moved, the triac begins to corn- 
mutate off near the end of the 
half-cycle, when the load current 
drops to a value below the hold- 
ing current (I H ) of the triac. At 
the instant the triac commutates 
off, the voltage (V T ) reverses di- 
rection and climbs toward the 
peak of the line voltage (V LINE ), 
its rate of rise (commutating dv/dt) 
and overshoot being a character- 
istic of the circuit components. 
After the triac successfully com- 
mutates off, the voltage (V T ) is in 
phase with the line voltage. If the 
commutating dv/dt of the circuit 
is greater than the commutating 
dv/dt capability of the triac, the 

triac does not turn off, but reverts 
to the on-state. With no gate sig- 
nal applied, the triac again at- 
tempts to turn off in the next 
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half-cycle (opposite polarity). If 
it succeeds, it remains off; if its 
capability is again exceeded, it 
remains on until the circuit power 
is interrupted. 

In Fig. 157, the last half-cycle 
of triac conduction current (I L ) 
has been superimposed on the 
commutating dv/dt capability. 
This diagram indicates that the 
circuit capability exceeds the de- 
vice capability; therefore, the triac 
will not commutate off. An addi- 
tional "snubber network", con- 
sisting of a resistor and a capaci- 
tor, placed across the main term- 
inals of the triac will reduce the 
commutating dv/dt of the circuit 



to within the capability of the 
device, and thus allow the triac 
to commutate off. A detailed 
analysis of and design procedures 
for snubber networks are given 
later in this section. 

As pointed out earlier, the rate 
of change of main-terminal current 
immediately before a triac is re- 
quired to support a reverse volt- 
age has an important bearing on 
the commutating dv/dt capability 
of the device. Consequently, as 
indicated in Fig. 158, the com- 
mutating dv/dt capability is af- 
fected by both the magnitude and 
frequency of the pre-blocking- 
condition current, because the 
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Fig. 157-Use of snubber network to reduce commutating dvldt of circuit. 



rate of change of current varies 
proportional with each of these 
factors. 



Any triac has a specific commu- 
tating dv/dt capability which is 
specified for a particular value of 
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Fig. 158-Dependence of triac commutating capability on current and frequency . 



168 



RCA Thyristor and Rectifier Manual 



60-Hz on-state current. Operation 
of the triac at lower values of 
60-Hz on-state current, as repre- 
sented by the dashed-line curve 
shown in Fig. 158, results in an 
increase in the commutating dv/dt 
capability of the device. This in- 
crease can be attributed to the fol- 
lowing factors: First, because of 
the smaller peak current value, 
the device heat dissipation is re- 
duced; consequently a lower junc- 
tion temperature can be main- 
tained. Second, as a result of the 
lower peak current value, the rate 
of change of current prior to 
blocking (i.e., the commutating 
di/dt) is smaller, and less stored 
charge is available to cause the 
triac to turn on again. 

Just as operation of a triac at 
below-rated current can increase 
the commutating capability, oper- 
ation at a frequency greater than 
rated frequency (60-Hz for most 
triacs) can reduce the commutat- 
ing capability. Commutating dv/dt 
is a function of two basic para- 
meters, junction temperature and 
commutating di/dt, where di/dt = 
wl pk . Therefore, for a constant 
junction temperature, increased 
frequency will result in increased 
di/dt and reduced commutating 
capability. The reduced commu- 
tating capability may, possibly, 
provide for sufficient movement 
of charge within the triac struc- 
ture to inhibit turn off of the triac. 

It should be evident that 400 
Hz is not an upper limit on fre- 
quency capability for triacs; 400 
Hz is a characterization point 
simply because it is a standard 
operating frequency. Figs. 159 
and 160 indicate how the fre- 



quency capability of a typical 
RCA 400-Hz triac can be in- 
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Fig. 159-Frequency capability of a 
400-Hz triac as a function of load current. 

creased. Fig. 160 shows that re- 
duction of load current increases 
frequency capability. Maximum 
rated junction temperature and 
minimum rated commutating 
dv/dt are held constant for this 
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Fig. 160-Frequency capability of a 400-Hz 
triac as a function of junction temperature. 



test of capability. Fig. 160 shows 
the effects of junction tempera- 
ture on frequency capability. For 
this test, rated current and mini- 
mum rated dv/dt are held con- 
stant. Therefore, if a typical 
400-Hz triac is used at less than 
its maximum rated junction tem- 
perature and less than its rated 
current, its frequency capability 
is greatly enhanced. Table XIV 
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T2304B 
T2304D 
T2305B 
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5 
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10 
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85 
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100 
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40 


300 
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0.8 



TG414B 
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65 
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09 


T5414D 
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80 
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120 


2 




65 


50 


200 
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0.9 



lists RCA triacs characterized for 
operation at 400-Hz. 

Of practical interest is the vari- 
ation of permissible dv/dt at var- 
ious current levels at one fre- 
quency. This variation is illus- 
trated in Fig. 161 for the 2N5442 
40-ampere triac. The commutating 
dv/dt at low currents approaches 
the static dv/dt capability of the 
device. It is also apparent that 
operation under overload condi- 
tions is possible, although reduced 
dv/dt capability must be taken into 
account. 



SNUBBER NETWORKS 



As pointed out previously, a 
snubber network can be placed 
across a triac to reduce the rate 
of rise of the voltage across the 
device. The snubber network, as 
shown in Fig. 162, consists of a 
resistance R s and a capacitance 
C s placed in series across the 
main terminals of the device. For 
some snubber component values 
and some types of load, excessive 
ringing can occur in the circuit. 
This voltage ringing may exceed 
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Fig. 161-Maximum commutating dv/dt (Pg. 170) as a function of current. 



LOAD 




92CS- 21375 

Fig. 162-Triac circuit using a snubber network (R s and C s ) connected across the triac. 



the blocking capability (V DR0M ) of 
the triac. Malfunction of the triac 
then results because of the in- 
ability of the device to block the 
voltage even though it can with- 
stand the dv/dt stress. An example 
of voltage ringing is shown in Fig. 
163(a). Fig. 163(b) shows the same 
voltage on an expanded time 
scale. 



Basic Circuit Analysis 



The suppression network must 
be designed to limit the dv/dt 
stress and to have an acceptable 
voltage overshoot. Fig. 164 shows 
an equivalent circuit used for 
analysis, in which the triac has 
been replaced by an ideal switch. 
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equation can be obtained by sum- 
ming the voltage drops around the 
circuit: 



di(t) 1c(t) 
(R L + RSWO +L -gp + 



20 fit 



= Vm sin (cot + 4>) 



(33) 




Fig. 163-(a) Ringing, caused by inductive 
load, in the principal voltage of triac; 
(b) principal voltage shown on an ex- 
panded scale. 



When the triac is in the blocking 
or nonconducting state, repre- 
sented by the open switch, the 
circuit is a standard RLC series 
network driven by an ac voltage 
source. The following differential 



LOAD 



AC 
POWER 
SOURCE 



in which i(t) is the instantaneous 
current after the switch opens, q c (t) 
is the instantaneous charge on the 
capacitor, V M is the peak line 
voltage, and <j) is the phase angle 
by which the voltage leads the 
current prior to opening of the 
switch. After differentiation and 
rearrangement of terms, the equa- 
tion can be expressed as a stand- 
ard second-order differential 
equation with constant coeffi- 
cients. With the imposition of the 
boundary conditions that i(0)=0 
and q c (0)=0, the equation for the 
charge on the capacitor can be 
stated for the three circuit condi- 
tions as follows: 

Condition I: (Rl + Rs) 2 < 4L/C 



q c (t) 



= _!ZmJ C os (tot + <J> + 6) 



+ |Q t | e -«tsin(j3t + t,) (34) 

1 \ 1 
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Fig. 164-Equivalent circuit used for analysis of snubber network. 
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Condition II: (R L + R s )2 = 4L / C |V M I 

qd= cos (^ + e ) + qc(o) 

^(0=^!^- cos (cot + + 0) (43) 



co|Z 

+ e-"t [(1 + «t) q d + idt] 



i d = i(O)-^L_sin(0+0) 
(35) (44) 



Condition III: 
(RL + RS) 2 > 4L/C 



1 (j™ — \ 

\ a qd + id / 



+ qd 2 
(45) 

q c (t) = —LlMJcos (cot + <$> + 6) 

(46) 

+ K^d + i d t ) sinh ' 5 ' t The voltage across the triac is 

determined by calculating the 
+ (S 'qd cosh (3 't ] (36) voltages across the snubber 

capacitor and resistor from the 

The symbols used in these equa- following fundamental relations: 

tions are defined as follows: q c (t) 

V C S « = "cT" (47) 

= tan-1 (wL/R L ) (37) 

[( .L-^) /(Rl+Rs)1 VR S (.) = RS^ (48, 

The sum of these two voltages 
(38) then represnts the instantaneous 
RL + R§ voltage across the triac. The fol- 

a - p^-j lowing equations give the instan- 

2L taneous voltage for the three cir- 

cuit conditions: 

Condition I: (Rl + Rs) 2 <4L/C 
*\ 2L / LCS (40) v « =J ^ L [^ c ^M + 0^) 



-RS sin (cot + <p + 0) J + IQtle"" 1 

H 



Cs sin(^t + ^) + vm _ 



OJt + t? + 4>)j (49) 



J_ 

wC S (42) 
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where >// is defined by the following 
expression: 



ip = tan 



(50) 



Condition II: (Rl + Rs) 2 = 4L/C 

-IV M I 



v(t)=- 



|Z| 



1 



l^-cos (cot + + 0) 
- Rs sin (cot + <(> + 0)~| 

+ ^-[(l+°=t)q d +i d t] e-^t 

+ RS [(1 - a t) i d _oc2t qd ] e -oct 

(51) 

Condition III: (Rl + Rs) 2 > 4L/C 



-IVmI 



i 



-RS sin (tot + + 



«,] 



[(^qd + id) sinh 0't + 0'q d cosh 0't] 
1 

+ Rse -t i-LCs Id 



L * 

ft + i d cosh (3't j 



(52) 



A computer is used to calculate 
the voltage across the snubber be- 
cause hand calculation is time- 
consuming. The magnitude and 
time of occurrence of the peak 



voltage are found by numerical 
analysis, and then the values and 
times of the voltages at 10 per 
cent and 63 per cent of peak are 
calculated. These values are used 
to compute the dv/dt stress as 
defined by the following equation: 



(53) 



where Vi and ti are the voltage 
and time of the 10-per-cent point 
and V2 and t2 are the voltage and 
time of the 63-per-cent point. This 
program therefore allows evalua- 
tion of various load and snubber 
combinations in a matter of 
minutes. 

In general, it is most desirable 
from a cost standpoint to use a 
device with the lowest possible 
V DR0M capability. For applications 
involving the control of a load 
operating on a 120-volt ac line, a 
device with a V DROM of 200 volts 
would be desirable; a 400- volt 
device should be used for opera- 
tion on a 220-volt line. The use 
of the lower-voltage device in any 
application is contingent on the 
ability of the circuit to limit any 
possible voltage ringing below the 
V DROM rating of the device. The 
snubber can be designed to limit 
this voltage ringing during the 
post-commutation period to with- 
in this rating. Figs. 165 and 166 
show the values of C s and R s 
that limit peak voltage across the 
triac to specific values. Fig. 165 
allows the selection of snubber 
components that will limit the 
peak voltage of 200 volts for a 
zero-power-factor load at the 
desired dv/dt for an rms line volt- 
age of 120 volts. Fig. 166 shows 
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Fig. 165-Design curves for snubber that limits peak voltage to 200 volts for 120-volt 
ac line and zero power factor. 



the components that limit the volt- 
age to 400 volts when the rms 
line voltage is 220 volts. 

Snubber Design Procedure 

For use of the graphs, three 
things must be known: (1) the rms 
line voltage, (2) the rms load cur- 
rent, and (3) the allowable dv/dt. 
The following procedure is used 
to obtain the required snubber 
components: 

(1) Draw a vertical line on the 
proper voltage graph at the 
load current. 

(2) At the intersection of the verti- 
cal line and the dashed line 
that represents the allowable 
dv/dt, draw a horizontal line 



to the right vertical axis. Read 
the value of R s from the right 
vertical axis. 
(3) At the intersection of the verti- 
cal line and the solid line that 
represents the allowable 
dv/dt, draw a horizontal line 
to the left vertical axis. Read 
the value of C s from the left 
vertical axis. 
As an illustration of the above 
procedure. Fig. 165 is used to find 
snubber component values that 
limit the dv/dt stress to 5 volts 
per microsecond for a 40-ampere 
rms current in a 120-volt rms 
line. From Fig. 165, these values 
are R s = 340 ohm and C s = 0.18 
microfarad. 
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As previously stated, these 
graphs were developed to limit 
the peak voltage for a zero-power- 
factor load. For the non-ideal load 
the graphs are used in the same 
fashion; a reduction in the peak 
voltage following commutation 
and a slight reduction in the dv/dt 
stress are the only effects intro- 
duced by the non-ideal load. The 
reduction in the peak voltage ex- 
cursion is caused by the decrease 
in instantaneous voltage at the 
time of commutation. As the 
power factor increases, the phase 
angle between the voltage and 
current decreases toward 0°. This 



decrease in the phase angle shifts 
the time of commutation in the 
half-cycle toward the zero-voltage 
crossing and thus reduces the 
instantaneous voltage. The reduc- 
tion in the dv/dt stress is the 
result of both the reduction in the 
voltage at commutation and the 
increasing resistive impedance of 
the load. 

A numerical example shows 
how a load that is not purely in- 
ductive reduces the peak voltage 
after commutation. The snubber 
components for 8 volts per micro- 
second at an rms current of 22.7 
amperes are found from Fig. 165 




Fig. 166-Design curves for snubber that limits peak voltage to 400 volts for 220-volt 
ac line and zero power factor. 
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to be 960 ohms and 0.04 micro- 
farad. If the load is purely induc- 
tive, the peak voltage is limited 
to 200 volts. If the load has the 
same current rating but a power 
factor of 0.7, this snubber net- 
work limits the peak voltage after 
commutation to 140 volts. The 
peak voltage is reduced because 
the instantaneous line voltage 
at the time of commutation is 
only 121 volts. The dv/dt stress 
is also slightly lower than the 
8-volts-per-microsecond value. 
This example demonstrates that 
the design graphs of Figs. 165 
and 166 can be used for loads 
having any power factor. 

Because the selection of snub- 
ber components is dependent on 
circuit and device characteristics, 
values obtained may be impracti- 
cal from a cost or size standpoint. 
In such a case, a triac with higher 
dv/dt capability or higher V DROM 
rating should be used. A higher 
dv/dt capability allows selection 
of new snubber components to 
meet the size and/or cost require- 
ments of the circuit. A higher 
V DROM rating permits a higher 
peak voltage excursion that in 



general will allow selection of a 
smaller snubber capacitor and 
smaller resistor. 

The analysis given in the pre- 
ceding paragraphs assumes the 
effects of the triac to be minimal. 
Some error is introduced by neg- 
lect of the reverse recovery pro- 
cess and the displacement cur- 
rent. The additional current flow 
tends to increase the instantan- 
eous dv/dt during the first few 
microseconds following commuta- 
tion. The over-all effect is to in- 
crease slightly the average dv/dt 
stress across the triac. This ef- 
fect is most noticeable when the 
snubber capacitance is less than 
0.001 microfarad. Selection of a 
snubber for a lower dv/dt stress 
limit will generally eliminate this 
problem. 

Because the design of a snubber 
is contingent on the load, it is 
almost impossible to simulate and 
test every possible combination 
under actual operating conditions. 
It is advisable, therefore, to mea- 
sure the peak amplitude and rate 
of rise of voltage across the triac 
after a snubber has been selected. 
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Thyristors are excellent devices 
for use in the control of ac power. 
In general, thyristors initially as- 
sume a blocking, or high- 
impedance state, and remain in 
that state until triggered to the on 
or low-impedance state. Once 
triggered, the thyristor remains on 
until the current is reduced to 
zero. The thyristor then returns to 
its blocking state. Because the 
current decreases to zero during 
every half-cycle in an ac supply, 
turn-off is guaranteed every half- 
cycle. All that is necessary for ac 
power control, therefore, is a trig- 
ger circuit to control thyristor 
turn-on so that whole or partial 
cycles may be switched to the 
load. 

PHASE CONTROL 

In many power-control applica- 
tions of thyristors, partial cycles 
of the applied ac voltage are 
switched to the load. Because the 
power delivered to the load is 
controlled by variation of the 
phase angle at which the thyristor 
switching initiates current flow, 
this type of operation is usually 
referred to as phase control. The 
electrical angle of the applied ac 
voltage waveform at which thyris- 



tor current is initiated is termed 
the firing angle (0 F ). It is usually 
more important, however, to 
know and to refer to the con- 
duction angle (0 C ), which is the 
number of electrical degrees of 
the applied ac voltage waveform 
during which the thyristor is in 
conduction. The conduction angle 
is equal to 180° — F ) for a half- 
wave circuit and 2( 180° — F ) for a 
full-wave circuit. The voltage 
waveforms across the thyristor 
and the load for each type of 
circuit are illustrated in Fig. 167. 

Basic Circuit Arrangements 

Phase control of thyristor-and- 
diode combinations may be em- 
ployed to provide many different 
ac and dc output waveforms to a 
load circuit. Some basic combina- 
tions, together with the cor- 
responding voltage waveforms at 
the load for two complete cycles 
of operation, are shown in Fig. 
168. In general, triac circuits are 
more economical for full-wave 
power control than are circuits 
that use two SCR's. For partial 
range control when the load is not 
sensitive to a nonsymmetrical 
waveform, such as resistive loads, 
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a control circuit that uses a diode 
and an SCR is acceptable. 
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167-Voltage waveforms showing 
conduction angle for half-wave operation 
(SCR) and full-wave operation (triac) of 
thyristor phase-control circuits. 



Fig. 



Current Ratios 

In the design of thyristor 
power-control circuits of the 
types shown in Fig. 168, it is often 
necessary to determine the 
specific values of peak, average, 
and rms current that flow through 
the thyristors. For conventional 
rectifiers, these values are readily 
determined by use of the current 
ratios shown in Table IX, given in 
the section on Silicon Rectifiers. 
For thyristors, however, the cal- 
culations are more difficult be- 
cause the current ratios become 



functions of the conduction angle 
and the firing angle of the device. 

The curves in Figs. 169, 170, 
and 171 show several current 
ratios as functions of conduction 
or firing angles for three basic 
SCR circuits. These curves can be 
used in a number of ways to 
calculate desired current values. 
For example, they can be used to 
determine the peak or rms current 
in an SCR when a certain average 
current is to be delivered to a load 
during a specific part of the con- 
duction period. It is also possible 
to work backwards and determine 
the necessary period of conduc- 
tion if, for example, a specified 
peak-to-average current ratio 
must be maintained in a particular 
application. Another use of the 
curves in Figs. 169, 170, and 171 is 
in the calculation of the rms cur- 
rent at various conduction angles 
when it is necessary to determine 
the power delivered to a load, or 
power losses in transformers, 
motors, leads, or bus bars. Al- 
though the curves are presented in 
terms of device current, they are 
equally useful for the calculation 
of load current and voltage ratios. 

The curves provide ratios that 
relate average current I avg , rms 
current I rms , peak current I pk , and 
reference current I . The refer- 
ence current is a circuit constant 
and is equal to the peak source 
voltage V pk divided by the load 
resistance R L . The term I pk refers 
to the peak current that flows 
through the SCR during its period 
of forward conduction. I„ is the 
maximum possible peak-current 
value during the peak of the sine 
wave. For conduction angles 
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CIRCUIT CONFIGURATION 
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Fig. 168-Basic circuit configurations for thyristor power controls and voltage waveform 

across the load - 
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greater than 90 degrees, I pk is 
equal to I ; for conduction angles 
smaller than 90 degrees, I pk is 
smaller than I D . 
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Fig. 169-Ratio of SCR current as a func- 
tion of conduction and firing angles for 
single-phase half-wave conduction into a 
resistive load. 



The general procedure for the 
use of the curves is as follows: 

(1) Identify the unknown or de- 
sired parameter. 

(2) Determine the values of the 
parameters fixed by the circuit 
specifications. 

(3) Use the appropriate curve 
to find the unknown quantity as a 
function of two of the fixed 
parameters. 
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Fig. 171-Ratio of SCR current as a func- 
tion of conduction and firing angles for 
three-phase half-wave circuit having a re- 
sistive load. 
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Fig. 170-Ratio of thyristor current as a 
function of conduction and firing angles 
for single-phase full-wave conduction into 
a resistive load. 



Example No. 1: In the single- 
phase half-wave circuit shown in 
Fig. 172, a 2N685 SCR is used to 
control power from a sinusoidal 
120-volt-rms (170-volt-peak) ac 
source into a 2.8-ohm load. This 
application requires a load current 
that can be varied from 2 to 25 
amperes rms. It is necessary to 
determine the range of conduction 
angles required to obtain this 
range of load current. 

First the reference, current I„ is 
calculated as follows: 

V pk 170 
I = ^— = yy = 61 amperes 
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Ip k =I <0^8 f >90°) 
Iplt=XoSin 8 f (90°<8 f <l80°) 
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Fig. 172-Single-phase half-wave circuit 
that operates into a resistive load and the 
respective equation for SCR current. 

The ratio of I rms to I for the 
minimum and maximum load 
current values is then calculated 
as follows: 

(LAL = 2/61 = 0.333 

= 25/61 = 0.41 

These current-ratio values are 
then applied to curve 3 of Fig. 169 
to determine the corresponding 
conduction angles: 

©amin) = 15 degrees 
©amax) = 106 degrees 

Example No. 2: In the single- 
phase full-wave bridge circuit 
(two legs controlled) shown in 
Fig. 173, a constant average load 
current of 7 amperes is to be 
maintained while the load resist- 
ance varies from 0.2 to 4 ohms. In 
case, it is necessary to de- 



termine the variation required in 
the conduction angle. The average 
current through the SCR is one- 
half the load current, or 3.5 am- 
peres. The applicable current 
ratios for this circuit are shown in 
Fig. 169 (the individual device 
currents are half-wave although 
the load current is full-wave). 
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Fig. 173-Single-phase full-wave bridge 
circuit that operates into a resistive load 
and the respective equations for SCR 
current. 



Again, the first quantity to be 
calculated is the reference current 
I„. Because the reference current 
varies with the load resistance, 
the maximum and minimum 
values are determined as follows: 

lo(max) = V pk /R L(min) = 45/0.2 
= 225 amperes 

lo(min) = V pk /R L(ma;[) = 45/4 

= 11.2 amperes 
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The corresponding ratios of I avg 
to I are then calculated, as fol- 
lows: 

(WU™. = 3.5/225 = 0.015 

(WUnax= 3.5/11.2= 0.312 

Finally, these ratios are applied 
to curve 2 of Fig. 169 to determine 
the desired conduction values: 

©amin) = 25 degrees 

©an**) = 165 degrees 

Example No. 3: In the three- 
phase half-wave circuit shown in 
Fig. 174, the firing angle is varied 



2NI845A 




i m 

LOAD V0LTAGE=85 VOLTS PEAK 

DEVICE VOLTAGE = 85 VOLTS PEAK FORWARD 

DEVICE V0LTAGE=I49 VOLTS PEAK REVERSE 



I = I sin 8 (30«<e<l80°) 
r 9f +120 

I oug = l/2ir/0 f Id9 (30»<S f <60°) 
Iavg = l/27r/^ IdS (60° <e t <l80°) 
Irm S =p2^ Sf+IZ0 I 2 dej' /2 (30°<e f <60°) 

I rms =|l/Z7r^" l80 °I 2 dej (60°<e f <l80°) 

r pk =i (3o°<e f <9o°i 

I pk =Io sin Bf (90°<e t <l80°) 

92CS-2I393 

Fig. 174-Three-phase half-wave circuit 
thai uses a resistive load and the respective 
equation for SCR current. 



continuously from 30 to 155 de- 
grees. In this case, it is necessary 
to determine the resultant varia- 
tion in the attainable load power. 
Reference current for this circuit 
is determined as follows: 

I„ = V pk /R L = 85/3 = 28 amperes 

Rectifier current ratios are de- 
termined from Fig. 171 for the ex- 
tremes of the firing range, as fol- 
lows: 

F = 30 degrees; I rms /I = 0.49 

9 F = 155 degrees; I^A - 0.06 

These ratios, together with the 
reference current, are then used 
to determine the range of rms 
current in the rectifiers, as 
follows: 

Irm S(m a*) = 0.49 x 28 = 13.7 amperes 
I rms(iiun) = 006 x 28 = 1.7 amperes 

In this circuit, the rms current 
in the load is equal to the rms 
rectifier current multiplied by the 
square root of three; as a result, 
the desired power range of the 
load is as follows: 

Pmax = [Irms(max) V~3" ] 2 R L 

= 1700 watts 

Pmin = [Irms(min) ] 2 Rl 

= 26 watts 

Phase-control techniques can 
be used very effectively and effi- 
ciently to control ac input power 
in lamp-dimming, motor-speed- 
control, low-power electric- 
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heating, and many other similar 
types of applications. Phase- 
control systems generate radio- 
frequency noise as a result of the 
random thyristor switching and 
often must include suppression 
circuits to minimize radio- 
frequency interference (RFI) in 
other electrical systems. In 
higher-power applications, the 
RFI is of such magnitude that the 
suppression circuits become ex- 
cessively bulky and expensive. 

ZERO-VOLTAGE SWITCHING 

Power to an ac load may be 
controlled by switching of com- 
plete half-cycles or integral num- 
bers of whole cycles of the ac 
power to the load. This type of 
control is usually referred to as 
integral-cycle or zero-voltage- 
switching control. Fig. 175 shows 
the relationship between line and 
load voltages for both SCR 



cuits is substantially decreased, 
or even eliminated, because thy- 
ristor switching occurs at or near 
the 0- or 180-degree (zero- voltage) 
points on the ac line voltage. 

In zero-voltage-switching con- 
trols, only two levels of input 
power are delivered to the load. 
The load receives the full amount 
of power for a period of time and 
zero power for a period of time; 
the average power delivered to 
the load, therefore, depends upon 
the ratio of the power-on interval 
to the power-off interval. 

In solid-state power-control 
systems that employ zero- voltage- 
switching techniques, two modes 
of operation are possible. The 
controlled variable (for example, 
temperature in a heat-control sys- 
tem) may be sensed and used to 
turn the power on or off. Because 
the power-control element is a 
solid-state device and, therefore, 
is free of wearout mechanisms, 
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Fig. 175 -Integral-cycle thyristor power control circuits 



(half-wave) and triac (full-wave) 
power-control circuits that em- 
ploy this control technique. With 
this type of control, the RFI as- 
sociated with phase-control cir- 



the differential in the control vari- 
able that causes the switching can 
be made very small, and accurate 
control is achieved. Fig. 176 
shows the response characteristics 
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TEMPERATURE TEMPERATURE 




(a) (b) 

92CS- 21395 

Fig. 176-Transfer characteristics of (a) on-off and (b) proportional control systems. 



for a heating system that uses this 
type of control. 

In control systems that have 
large time constants, such as a 
home heating system, on-off con- 
trols of the type described above 
may produce relatively large 
overshoots and undershoots. In 
this type of system, better regula- 
tion may be achieved by use of a 
control method referred to as pro- 
portional integral-cycle control. 

The power excursions that re- 
sult with on-off controls are sub- 
stantially reduced, as shown in 
Fig. 176 (b), by use of integral- 
cycle proportional control with 
synchronous switching. With 
integral-cycle proportional con- 
trol, a time base is selected, and 
the "on" time of the thyristor is 
varied within the time base. The 
ratio of on-to-off times of the 
thyristor during this interval de- 
pends upon the amount of power 
to the load required to maintain a 
predetermined average level for 
the system. As this level is ap- 
proached (as determined by a 
sensing element), less power is 



delivered to the load (i.e., the duty 
cycle is reduced). This type of 
control is usually selected for 
heating systems. 

Fig. 177 shows the on-off-ratio 
of the triac. Within the time 
period, the on-time varies by an 
integral number of cycles from 
full on to a single cycle of input 
voltage. 
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Fig. 177 -Triac duty cycle. 



One method of achieving 
integral-cycle proportional control 
is to use a fixed-frequency saw- 
tooth generator signal which is 
summed with a dc control signal. 
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The saw-tooth generator es- 
tablishes the period or time base 
of the system. The dc control 
signal is obtained from the output 
of the temperature-sensing net- 
work. The principle is illustrated 
in Fig. 178. As the sawtooth volt- 
age increases, a level is reached 
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Fig. 178-Proportional-controller wave- 
shapes. 

which turns on power to the 
heating elements. As the temper- 
ature at the sensor changes, the 
dc level shifts accordingly and 
changes the length of time that the 
power is applied to the heating 
elements within the established 
time. 

When the demand for heat is 
high, the dc control signal is high 
and high power is supplied con- 
tinuously to the heating elements. 
When the demand for heat is 
completely satisfied, the dc con- 
trol signal is low and low power is 
supplied to the heating elements. 
Usually a system using this prin- 
ciple operates continuously 
somewhere between full on and 
full off to satisfy the demand for 
heat. 

BASIC TRIGGERING 
TECHNIQUES 

When thyristors are triggered, 
the primary requirement to assure 



sustained forward conduction is 
that the gate current is of suf- 
ficient strength to meet all re- 
quirements specified in the pub- 
lished data on the thyristor. These 
triggering requirements are us- 
ually stated in terms of dc voltage 
and current. Because it is often 
desirable to pulse-fire thyristors, 
it is also necessary to consider the 
duration of firing pulse required. 
A trigger pulse that has an ampli- 
tude just equivalent to the dc 
requirements must be applied for 
a relatively long period of time 
(approximately 30 microseconds) 
to ensure that the gate signal is 
provided during the full turn-on 
period of the thyristor. As the 
amplitude of the gate-triggering 
signal is increased, the turn-on 
time of the thyristor is decreased, 
and the width of the gate pulse 
may be reduced. When highly 
inductive loads are used, the in- 
ductance controls the current-rise 
portion of the turn-on time. For 
this type of load, the gate pulse 
must be long enough to assure that 
the principle current rises to a 
value greater than the latching- 
current level of the device. The 
latching current of RCA thyristors 
is always less than twice the 
holding current. 

The application usually deter- 
mines the degree of sophistication 
of the circuit used to trigger a 
given thyristor. Triggering circuits 
can be as numerous and as varied 
as the applications in which they 
are used; this text discusses the 
basic types only. 

Many applications require that 
a thyristor be switched full on or 
full off in a manner similar to the 



186 



RCA Thyristor and Rectifier Manual 



operation of a relay. The simplest 
method of accomplishing this type 
of triggering is illustrated by the 
circuits shown in Fig. 179. 

The resistance Rq maintains the 
gate current within the rating of 
the thyristor gate and the as- 
sociated switch. After firing, the 
thyristor switches to its low- 
impedance state; depending on 
the forward-current magnitude, 
the voltage drop across the thyris- 
tor can be as high as a few volts. It 
cannot be assumed that if the 
resistor were removed from the 
gate circuit, the gate switch would 
carry only enough current to trig- 
ger the device and then decrease 
to zero. Because the gate has a 
low impedance, it carries a large 
percentage of the forward current. 



illustrates the use of the SCR-and- 
diode combination. 

When an ac resistive trigger 
network is used, only a certain 
degree of phase-angle control can 
be accomplished. The degree of 
control varies from 90- to 180- 
degree conduction when an SCR 
is used and from 180- to 360- 
degree conduction when a triac is 
used. This degree of control is 
illustrated in Fig. 180. With max- 
imum resistance in either circuit, 
the thyristor is off. As the re- 
sistance is reduced, a point is 
reached at which sufficient gate 
trigger current is provided at the 
peak of the voltage wave to trig- 
ger the thyristor. The thyristor 
initially turns on with a conduc- 
tion angle 9 C of 90 degrees. A 






Fig. 179-Simple thyristor triggering methods: (a) resistance triggering of SCR; (b) 
resistance-diode triggering of SCR; (c) resistance triggering of triac. 



The gate resistor Rq assures that 
the gate current will decrease to a 
negligible value after the thyristor 
is fired. 

When an SCR is used with an ac 
supply, a diode may be required to 
keep the reverse polarity across 
the SCR from being impressed 
across the gate circuit. The allow- 
able reverse dissipation is limited 
to that shown in the published 
data on the SCR. Fig. 179 (b) 



further reduction in resistance in- 
creases the conduction angle from 
90 degrees toward 180 degrees for 
an SCR and from 90 degrees and 
270 degrees to zero and 180 de- 
grees, respectively, for a triac. 

The easiest method to obtain a 
firing-angle delay greater than 90 
degrees for half-wave operation is 
to use a resistance-capacitance 
triggering network, which is 
shown in its simplest form in Fig. 
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Fig. 180-Degree of control over conduc- 
tion angles when ac resistive network is 
used to trigger SCR's and triacs. 

181 (a). The polarity of the sine 
wave which reverse-biases the 
SCR charges the capacitor in the 
reverse direction to the peak of the 
line voltage through a diode. On 
the next half-cycle, the capacitor 
charges through the potentiometer 
to the relatively small positive vol- 
tage required to trigger the SCR. 



Controls of this type can have 
conduction angles from to 180 
degrees. 

Resistance and resistance- 
capacitance trigger circuits have 
one great disadvantage: the gate 
voltage rises slowly to the trigger- 
ing level. Because of variations in 
gate characteristics among thyris- 
tors (15 to 1 in gate-trigger current, 
2 to 1 in gate- trigger voltage, and 4 
to 1 with temperature), a given 
control-potentiometer resistance 
setting may yield a different con- 
duction angle for different thyris- 
tors or temperature conditions. 
The performance of the circuit is 
improved somewhat by use of a 
double RC section, as shown in 
Figs. 181 (b) and 181 (c), or by use 
of a negative voltage across the 
capacitor, as shown in Fig. 181(a). 
These techniques increase the rate 
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Fig. 181 -RC triggering networks used for phase-control triggering ofthyristors: (a) series 
RC network and diode (for SCR); (b) RC lattice network and diode (for SCR); (c) RC 
lattice network without diode (for triac). 
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of rise of gate voltage in the vicinty 
of the triggering potential and, 
therefore, minimize the effects of 
gate differences on the conduction 
angle. 



R, and C, produces a voltage V c , 
which is reduced in magnitude 
and shifted in phase with respect 
to the line voltage V,. When the 
peak value of the voltage V c is 



TRIGGERING DEVICES 

A variety of thyristor trig- 
gering devices are available to 
overcome the disadvantages 
noted for simple resistance or re- 
sistance-capacitance triggering 
circuits. These triggering devices 
have a smaller range of charac- 
teristics and are not so tempera- 
ture-sensitive. Basically, a thy- 
ristor triggering device exhibits a 
negative resistance after a critical 
voltage is reached, so that the 
gate-current requirement of the 
thyristor can be obtained as a 
pulse from the discharge of the 
phase-shift capacitor. Because the 
gate pulse need be only micro- 
seconds in duration, the gate- 
pulse energy and the size of the 
triggering components are rela- 
tively small. Triggering circuits of 
this type employ elements such as 
neon bulbs, trigger diodes, uni- 
junction transistors, and two- 
transistor switches. 



Basic Requirements 

The most elementary form of 
triggering-device circuit is shown 
in Fig. 182. The voltage-current 
characteristic for triggering device 
in this circuit is shown in Fig. 183. 

When the variable-resistor R, is 
adjusted for maximum resistance 
in the circuit, the circuit operates 
so that the series combination of 
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Fig. 182-Thyristor power control in which 
switching is controlled by basic triggering- 
device circuit. 



less than the triggering-device 
breakdown voltage V P , the trigger 
device does not conduct; the thy- 
ristor receives no gate current and 
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Fig. 183 -Voltage-current 
for triggering-device shown in Fig. 182 



remains in the blocking state. The 
blocking action of the thyristor 
prevents the line voltage from 
appearing across the load. This 
condition is shown in Fig. 184 (a). 

As the value of R, is decreased, 
the voltage V c increases in 
magnitude and changes in phase 
with respect to the line voltage V,. 
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This change continues as long as 
the value of R, is decreased, and 
eventually a point is reached at 
which V c exceeds V P . At this 
point, the trigger device instan- 
taneously breaks down. This 
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Fig. 184-Vottage waveforms for circuit 
shown in Fig. 182: (a) thyristor in blocking 
state; (b) when thyristor is triggered at 
controlled intervals by triggering-device 
circuit. 



breakdown is accompanied by a 
sudden discharge of capacitor C,, 
which results in a pulse of gate 
current into the thyristor. The 
thyristor is then triggered into 
conduction and remains in the on 
state for the rest of that particular 
half-cycle of line voltage. 

The magnitude and duration of 
the gate-current pulse is deter- 
mined by the interaction of the 
capacitor C u the triggering-device 
characteristics, and the imped- 
ance of the thyristor gate. This 
interaction can be represented by 
the curves shown in Fig. 185. 

The capacitor, which is charged 
to the voltage V c , discharges 
through the negative-resistance 
slope of the trigger device, and the 
gate current rises to some magni- 
tude A at which the total voltage 
drops in the circuit are equal to 
the voltage source V c . The capac- 
itor voltage immediately begins to 
decrease from its initial value V c , 
at a rate determined by the cur- 
rent level reached and the size of 
the capacitor. As it does, the gate 
current decreases. The load line 
representation at some later in- 
stant is shown by the dashed line 
in Fig. 185, and gate current at 
that instant is defined by point B. 
As this process continues, the cir- 
cuit enters the unstable negative- 
slope region of the triggering de- 
vice characteristic and quickly re- 
verts to a stable point, approxi- 
mately indicated by C. Fig. 186 
shows the typical shape of the 
gate-current pulse that is pro- 
duced. (More specific magnitudes 
are shown in later diagrams for 
particular triggering devices). The 
delay in reaching the peak gate 
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I GATE VOLTAGE 

92CS- 21404 

Fig. 185-Load line for the circuit shown in 
Fig. 182. 



current is a function of the speed 
at which the triggering device is 
switched from its high-impedance 
to its low-impedance state. This 
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Fig. 186-Typical gate-current waveform 
for circuit shown in Fig. 182. 



Because the thyristor is trig- 
gered to the on state by the rae 
pulse, and the voltage source for 
the triggering circuit is taken from 
across the thyristor, the triggering 
circuit cannot go through another 
charge-discharge cycle after the 
first firing pulse. The capacitor 
discharges from point C through 
the potentiometer and the thyris- 
tor for the remainder of the ac 
line- voltage cycle, and the trigger- 
ing process repeats on the next ac 
line-voltage half-cycle. 

The maximum voltage applied 
to the load is limited by the 
breakover voltage of the trigger 
device because the line voltage 
must rise to that value before the 
thyristor gate can be energized. 
This condition is illustrated by the 
voltage waveforms shown in Fig. 
184. 

Several types of devices com- 
monly used to trigger RCA thyris- 
tors are discussed in the following 
paragraphs: 



delay in effect indicates that there 
is a dynamic or time-dependent 
characteristic of the trigger de- 
vice, which traces out a shape 
somewhat different from the static 
characteristic shown in Fig. 185. 

The magnitude and duration of 
the gate pulse produced by the 
triggering device and the capaci- 
tor must be adequate to fire the 
thyristor. A curve of turn-on time 
as a function of gate-pulse magni- 
tude, provided in the published 
data on the thyristor, defines the 
minimum requirements. 



Neon Bulbs 

Neon bulbs can be used as trig- 
gering devices for RCA thyristors. 
The recommended types are the 
GE-5AH and Signalite A057 or 
equivalents. The breakover vol- 
tages for these devices range from 
50 volts to 100 volts, with typical 
values of 80 volts. Tighter 
breakover voltage spreads can be 
obtained by manufacturer's selec- 
tions. A typical current pulse re- 
sulting from a 0. 1 -microfarad 
capacitor discharging through a 
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neon bulb and a thyristor gate is 
illustrated in Fig. 187. 
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Fig. 187— Typical current pulse that results 
from the discharge of a OA-microfarad 
capacitor through a neon bulb and a thyris- 
tor gate. 



longer life. The solid-state diodes 
have breakdown voltages in the 
range of 27 to 37 volts and are 
designed specifically for triggering 
triacs. 

The trigger diodes, often re- 
ferred to as diacs, are three-layer 
symmetrical avalanche devices 
which break over in the negative- 
resistance region whenever a par- 
ticular voltage, termed the break- 
over voltage, is exceeded in either 
voltage polarity. Fig. 188 shows 
the junction diagram and sche- 
matic symbol for a diac. 



Use of a neon bulb as a trigger 
device does have disadvantages. 
For example, when this type of 
device is used as a trigger on a 
120-volt-rms ac line, an rms vol- 
tage loss as great as 10 per cent can 
occur at the load. The losses are 
caused by the relatively high 
breakdown voltage of the neon 
bulb. The neon bulb is also sensi- 
tive to radiation in that the break- 
down point changes. When precise 
control is required, it may be 
necessary to shield the bulb or to 
obtain bulbs specially treated to 
minimize the effects of radiation. 
A major advantage of neon triggers 
is that relatively reliable and long- 
lived triggers can be obtained for a 
low price. 

Trigger Diodes (Diacs) 

A trigger diode is the solid- 
state replacement for a neon bulb 
in phase-control triggering cir- 
cuits. These diodes offer the ad- 
vantages of reduced requirements 
for peak- voltage firing, higher 
pulse-current capability, and 
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Fig. 188-(a) Junction diagram and (b) 
schematic symbol for a diac. 

This three-layer trigger diode is 
similar in construction to a bipolar 
transistor, but differs from it in 
that the doping concentrations at 
the two junctions are approxi- 
mately the same and there is no 
contact made to the base layer. 
The equal doping levels result in a 
symmetrical bidirectional switch- 
ing characteristic, as shown in 
Fig. 189. This characteristic is 
essentially the same as that for the 
ideal thyristor triggering device 
shown in Fig. 183. When an in- 
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creasing positive or negative volt- 
age is applied across the terminals 
of the diac, a minimum (leakage) 
current I (BO) flows through the de- 
vice until the voltage reaches the 
breakover point V (B0) . The 
reverse-biased junction then 



Y(BOf 



I (B0)' 



I (B0)" 



V(BO)* 
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Fig. 189-Voltage-currenl characteristic 
for a diac. 

undergoes avalanche breakdown 
and, beyond this point, the device 
exhibits a negative-resistance 



characteristic, i.e., current 
through the device increases sub- 
stantially with decreasing voltage. 

Diacs are primarily used as trig- 
gering devices in triac phase-con- 
trol circuits used for light dim- 
ming, universal motor-speed con- 
trol, heat control, and similar 
applications. Fig. 190 shows the 
general circuit diagram for a diac/ 
triac phase-control circuit. 

The magnitude and duration of 
the gate current pulse are deter- 
mined by the value of the phase- 
shift capacitance, the change in 
voltage across and the dynamic 
impedance of the trigger diac, and 
the thyristor gate impedance. The 
interaction of all circuit imped- 
ances and the phase-shift capacit- 
ance can best be represented by 
the curve of peak current as a 
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Fig. 190-Typical triac phase-control circuit for lamp-dimming, heat-control, and motor- 
speed-control applications. 
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function of the capacitance shown 
in Fig. 191. 
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Fig. 191-Peak pulse trigger currents as a 
function of the phase-shift capacitance. 

Unijunction Transistor 

The unijunction transistor is a 
three-terminal two-layer device 
formed by an emitter and a base, 
as illustrated in Fig. 192. One lead 
is connected to the emitter and the 
other two leads are connected to 
the base. Between the two base 
connections there is an "interbase 
resistance." Fig. 193 illustrates 
the use of this device in a pulse- 
triggering circuit. 
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Fig. I92-(a) Junction diagram and (b) 
schematic symbol for a unijunction 
transistor. 



Proper choice of external bias- 
ing resistors, coupled with the 
interbase resistance, normally 
serves to reverse-bias the "emit- 
ter-to-base- 1' ' diode. This condi- 
tion holds the emi tter- to-base- 1 
diode in a high-impedance state 
until the emitter voltage is raised 
to a value high enough to forward- 
bias this junction. As the forward- 
bias point is reached, the same 
junction switches to a low-imped- 
ance state and causes capacitor C, 
to discharge into the load resist- 
ance R L , which may be a thyristor 
gate. This voltage-sensitive 



■AWr 



e 



SUPPLY 




Vo 

-G 



-O 



92C3-^I4I2 



Fig. 193 -Pulse-triggering circuit that uses 
a unijunction transistor. 



switching characteristic makes 
unijunction transistors ideal for 
triggering thyristors. When the 
biasing resistors and the emitter 
are connected to the same voltage 
source, as shown in Fig. 193, 
there is a degree of self-regulation 
of supply- voltage variation. 

This regulation results because 
the interbase forward-bias point 
tracks the variation in emitter 
voltage V e as V e varies with 
supply voltage. Another advan- 
tage of the use of the unijunction 
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transistor is the way in which it 
automatically synchronizes to an 
ac supply. At the end of every 
cycle, any charge left on the 
capacitor after firing is discharged 
when the supply goes to zero. 
This action occurs because the 
point or firing voltage is also re- 
duced toward zero. A third ad- 
vantage is the inherent ability of 
the device to switch relatively 
high currents and thus to assure 
positive triggering of high-gate- 
current thyristors. 

The disadvantage of the uni- 
junction device is that it is uni- 
lateral with regard to current flow 
and requires a dc voltage. These 
requirements indicate that diodes 
must be used to ensure that no 
reverse voltage appears across 
the device when it is used in an ac 
circuit. The output pulses are 
positive-going and can be used to 
trigger SCR's directly. For triacs 




or inverse parallel SCR's, trans- 
former or capacitive coupling is 
required, as shown in Fig. 194. 

Two-Transistor Switch 

A two-transistor switch that 
has characteristics similar to 
those of a trigger diode is shown 
in Fig. 195. The regenerative ac- 
tion of this type of circuit when 
either transistor begins to conduct 
causes switching comparable to 
avalanching in a trigger diode. 
Proper biasing of this circuit 
yields triggering voltages of 15 
volts or less. The circuit shown in 
Fig. 196 can deliver trigger cur- 
rents as high as 1 ampere and is 
more than capable of triggering all 
RCA thyristors. 

Fig. 197 shows an SCR circuit 
that uses the two-transistor re- 
generative-trigger network. The 
phase-shift characteristics are still 
retained to provide conduction 
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Fig. 194-Circuits showing application of unijunction-transistor circuit for pulse triggering 
of triacs and inverse parallel SCR's: (a) triggering pulse is capacitively coupled to gate of 
triac; (b) triggering pulse is transformer-coupled to gates of SCR's. 
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Fig. 195-Two-transistor switch. Charac- 
teristics of this circuit are similar to those 
of a trigger diode. 



angles less than 90 degrees 
through the RC network of R,, R 2 , 
and C x . Resistor R 3 provides turn- 
on current to the base of Q! when 
the voltage across C x becomes 
large enough during the positive 
half-cycle. The base current in Q, 
turns on this transistor. Transistor 
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Fig. 196-Circuit showing application of 
two-transistor switch as thyristor trig- 
gering device. 



Q, then supplies base current to 
Q 2 . When Q 2 turns on, it supplies 
more base current to Qi> This 
regenerative action leads to the 
rapid saturation of transistors Q x 
and Q 2 . Capacitor C, discharges 
through the saturated transistors 
into the gate of the SCR. 



the SCR fires, the remaining por- 
tion of the positive half-cycle of ac 
power is applied to the motor. 
Speed control is accomplished by 
adjustment of potentiometer R,. 
For the component values shown 
on the schematic diagram in Fig. 
197, the threshold voltage for fir- 
ing the circuit is approximately 8 
volts, and the maximum conduc- 
tion angle is approximately 170 
degrees. Table XV shows values 
for operation of the circuit with 
various RCA SCR's. 

An advantage of the two-tran- 
sistor trigger circuit is its low 
threshold triggering voltage. For 
all practical purposes, a full 180- 
degree conduction angle can be 
obtained when an SCR is used. 
When two SCR's are to be trig- 
gered, a transformer must be used 
to couple a gate signal of the 
proper polarity to the SCR with 
the proper anode-to-cathode po- 
larity. A triac, however, can be 
triggered in either direction with 
positive-polarity gate signals. The 
only requirement is that isolation 
be maintained between the dc and 
ac current. 



Application Guide to Trigger 
Devices 

Table XVI provides a quick re- 
ference to the prevalent types of 
applications for various triggering 
devices. 

ISOLATED TRIGGER 
CIRCUITS 



In many 
control of a 1 



applications, phase 
by use of an 
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Fig. 197-Half-wave SCR motor control circuit, without regulation. 



Table XV — Components For Circuit Shown in Fig. 197 



AC AC 



SUPPLY CURRENT Fi 


CRi 


Ri 


SCRi 


120V 


1A 


3AG, 1.5A, Quick Act 


RCA-D1201D 


75K, y 2 w 


RCA-2N3528 


120V 


3A 


3Ab, 3A 


RCA-D1201D 


75K, y 2 w 


RCA-2N3228 


120V 


7A 


3AB, 7A 


RCA-D1201D 


75K, y 2 w 


RCA-2N3669 


120V 


25A 


3AB, 25A 


RCA-D1201D 


75K, y 2 w 


RCA-2N3897 


240V 


1A 


3AG, 1.5A, Quick Act 


RCA-D1201M 


150K, y 2 w 


RCA-2N3529 


240V 


3A 


3AB, 3A 


RCA-D1201M 


150K, y 2 w 


RCA-2N3525 


240V 


7A 


3AB, 7A 


RCA-D1201M 


150K, y 2 w 


RCA-2N3670 


240V 


25A 


3AB, 25A 


150K, %w 


RCA-2N3898 
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Function 


Manual or Simple On- 


Automatically Con- 


Power-Output Stage in 




Off Power Control 


trolled or Regulated 


Large Electronic or 






power 


Electro-Mechanical 








System 


Typical 


Light Dimmers 


Regulated Power 


Bulk Power Conversion for 


Applications 


Tool Speed Controls 


Supplies 


Metal Refining and Elec- 




Appliance Speed 


Temperature Controls 


trochemical Processes 




Controls 


Commercial DC Motor 


Large Industrial Motor 




Gas Ignition 


Drives 


Drives 




Photoelectric Controls 


Flashers 


Variable-Frequency Drives 




Static On-Off Switches 


Time Delays 


Pulse Modulators 






r\ . . - r\ r\ ft 

Static On-Off 


Precise Process- 






Power Relays 


Temperature Controls 








Logic-Arrays Power Output 








eg. — Vending Machines 








— Signs and > 








Scoreboards 








Computer Printer 








— Driver 


Common 


Frequently 


Frugal but not poor 


Firing circuit small per- 


Characteristics 


Bidirectional 


Both dc and ac loads 


centage of system cost 


of the 


Small physical size an 


Thyristor fired is 


Rigid and extensive per- 


Application 


asset 


higher cost 


formance requirements 




Low performance 


Technically oriented 


Firing circuit often merged 




demands 


users and 


into other system circuits 






applications 


Custom engineered 






Electrical feedback or 


Primarily electrical inputs 






sensor input in addi- 


from regulators or 






tion to manual con- 


sensors 






trol 


Often built up from 






Long firing pulses often 


standard logic and 






required 


waveshaping circuits 


Trigger Devices 


1. Diac 


1. Unijunction 


1. Transistors 


in Approximate 


2. Neon bulb 


transistor 


2. Integrated Circuits 


Order of 


3. Four-layer diode 


2. Transistors 




Preference 


4. Unijunction transistor 


3. Integrated Circuits 




or Use 


5. Two-transistor re- 


4. Magnetic amplifier 






generative circuit 


NOTE: Firing circuit 






NOTE: For on-off con- 


often includes sev- 






trol, a switch contact 


eral diodes, a zener. 






or single transistor 


pulse transformers. 






may form the firing 


control power trans- 






circuit 


formers, and numer- 








ous passive compo- 








nents 





isolated, low-voltage control ele- 
ment is desirable. A number of 
techniques are available for use in 
this type of control. 



Step-Down Transformers 

A suitable step-down trans- 
former can be used as shown in 
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Fig. 198 to provide isolation bet- 
ween the load and the control ele- 
ment in a thyristor power control 
circuit. The transformer provides 
impedance transformation and re- 
flects the transformed value of 
potentiometer Ri into the secon- 
dary circuit. As the potentiometer 
is adjusted from a maximum to a 
minimum value, the voltage at 
point A in Fig. 198 varies from a 
minimum to a maximum value. 
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Fig. 198—Triac power-control circuit in 
which a step-down transformer is used to 
provide isolation of the control potentiome- 
ter. 

The trigger circuit may be either a 
modified diac-resistance-capac- 
itance network or a unijunction 



type of circuit. The advantage of 
the circuit shown in Fig. 198 is that 
it provides low-voltage potentials 
and isolation for remote controls in 
a conductive environment. 

Pulse Transformers 

When a trigger circuit provides a 
fast-rising current pulse for gated 
turn on, a pulse transformer pro- 
vides a simple form of circuit isola- 
tion between the line-voltage sys- 
tem and the control system. Fig. 
199 illustrates this application of a 
pulse transformer. 

Reed Relays 

For applications in which an 
on-off switching function is re- 
quired and isolation is necessary 
between the control circuit and 
load circuits, a current reed relay 
can be used to provide an effective 
method of control. The contacts of 
the reed relay carry only a small 
current, usually less than 100 mil- 
liamperes to assure an extended 
relay contact life. A circuit using 
this technique is illustrated in Fig. 
200. 
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Fig. 199SCR power-control circuit that uses a pulse transformer to provide isolation 
between the line voltage and the control circuit. 
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Fig. 200-Triac power-control circuit that 
uses a reed relay to provide isolation be- 
tween the control circuit and the load. 

Photocell Trigger Circuits 

Optical coupling ttetween trig- 
ger circuits and load circuits pro- 
vides complete dc isolation. In ad- 
dition, this technique permits vari- 
able power control as well as on- 
off switching control functions. 
The optical control element of this 
system is a light source of the fila- 
ment type, gas-discharge type, or 
the light-emitting-diode (LED) 
type. The sensing element is a 
photosensitive resistor, which 
forms part of the gate circuit. 

Photoresistors (photocells) are 
available in a wide range of dark- 
to-light resistance ratios and resis- 
tance values. Integral photocoup- 
lers which use any one of the three 
types of light sources described 
above are also available. Variable 
power control can be achieved by 
changing the resistance value of 
the photoresistor by use of a low- 
power variable-intensity light 
source. The range of control de- 
pends on the type of light source 
and photoresistor. A photoresistor 
can be used by itself to sense am- 
bient light intensity for a switching 
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application or for modulating 
power as a function of ambient 
light intensity. Fig. 201 illustrates 
circuit applications using photo 
trigger circuits. 

INTEGRATED-CIRCUIT 
ZERO- VOLTAGE SWITCH 

The RCA-CA3059 zero-voltage 
switch is a monolithic integrated 
circuit used primarily as a trigger 
circuit for the control of thyristors. 
The multistage circuit employs a 
diode limiter, a threshold detector, 
a differential amplifier, and a Dar- 
lington output driver to provide 
the basic switching action. The dc 
supply voltage for these stages is 
supplied by an internal zener- 
diode-regulated power supply that 
has sufficient current capability to 
drive external circuit elements, 
such as transistors and other integ- 
rated circuits. This built-in power 
supply provides unique solutions 
to many application problems. An 
important feature of the CA3059 is 
that the trigger pulses developed 
by this circuit can be applied di- 
rectly to the gate of a silicon con- 
trolled rectifier (SCR) or a triac. A 
built-in fail-safe circuit inhibits the 
application of these pulses to the 
thyristor gate circuit in the event 
that the external sensor for the 
integrated-circuit switch should be 
inadvertently opened or shorted. 

Basic Circuit Operation 

Fig. 202 shows a functional 
block diagram of the CA3059 
integrated-circuit zero-voltage 
switch. Any triac that is driven di- 
rectly from the output terminal of 
this circuit should be charac- 
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Fig. 201-Triac power-control circuits that use optical coupling to provide complete dc 
isolation between the control circuit and the load: (a) light-controlled turn-off circuit with 
photocell sensor; (b) light-control turn-on circuit with photocell sensor; 
(c) light-controlled turn-off circuit with photocoupler sensor. 



terized for operation in the I (+) or 
III (+) triggering modes, i.e., with 
positive gate current (current 
flows into the gate for both 
polarities of the applied ac vol- 
tage). 

The limiter stage of the CA3059 
clips the incoming ac line voltage 
to approximately plus and minus 8 
volts. This signal is then applied to 
the zero-voltage-crossing detec- 
tor, which generates an output 
pulse during each passage of the 
line voltage through zero. The lim- 
iter output is also applied to a 
rectifying diode and an external 
capacitor that comprise the dc 
power supply. The power supply 



provides approximately 6 volts as 
the Vcc supply to the other stages 
of the CA3059. The on/off sensing 
amplifier is basically a differential 
comparator. The triac gating cir- 
cuit contains a driver for direct 
triac triggering. The gating circuit 
is enabled when all the inputs are 
at a high voltage, i.e., the line vol- 
tage must be approximately zero 
volts, the sensing-amplifier output 
must be "high", the external vol- 
tage to terminal 1 must be a logical 
" 1 " , and the output of the fail-safe 
circuit must be "high". 

Fig. 203 shows the circuit dia- 
gram of the CA3059. The zero- 
voltage threshold detector con- 
sists of diodes D3, D4, Ds, and Ds, 
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* NTC = NEGATIVE TEMPERATURE COEFFICIENT 
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Fig. 202-Functional block diagram of the integrated-circuit zero-voltage switch 



and transistor Qi. The differential 
amplifier consists of transistor 
pairs Q2-Q4 and Q3-Q5. Transistors 
Qi, Q6, Q7, Qs, and Q9 comprise 
the triac gating circuit and driver 
stage. Diode D12, zener diode D15, 
and transistor Q10 constitute the 
fail-safe circuit. The power supply 
consists of diodes D7 and D13, and 
an external resistor and capacitor 



connected to terminals 5 and 2, 
respectively, and to ground 
through pin 7. If the transistor pair 
Q2-Q4 and transistor Qi are turned 
off, an output appears at terminal 
4. Transistor Qi is in the off state 
if the incoming line voltage is less 
than approximately the voltage 
drops across three silicon diodes 
(2.1 volts) for either the positive 
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Fig. 203-Circuit diagram for the CA3059 zero-voltage switch. 



or negative excursion of the line 
voltage. Transistor pair Q2-Q4 is 
off if the voltage across the sen- 
sor, connected from terminals 13 
to 7, exceeds the reference volt- 
age from 9 to 7. If either of these 
conditions is not satisfied, pulses 
are not supplied to terminal 4. 
Fail-safe operation requires that 
terminal 13 be connected to 14. 
The addition of hysteresis and 
elimination of half-cycling can be 
obtained by a resistive voltage 
divider connected from 13 to 8 
and from 8 to 7. 

Fig. 204 shows the position and 
width of the pulses supplied to the 



gate of a thyristor with respect to 
the incoming ac line voltage. The 
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Fig. 204-Timing relationship between the 
output pulses of the CA3059 and the ac line 
voltage. 



voltage ana curreni 10 inggei must 
RCA thyristors at ambient temp- 
eratures of 25°C. However, under 
worst-case conditions (i.e., at 
ambient-temperature extremes 
and maximum triggering require- 
ments), selection of the higher- 
current thyristors may be neces- 
sary for particular applications. 

Effect of Zero- Voltage Switch on 
Thyristor Load Characteristics 

The CA3059 is designed primar- 
ily to gate a thyristor that switches 
a resistive load . Because the out- 
pat pulse supplied by the CA3059 
is of short duration, the latching 
current of the triac becomes a sig- 
nificant factor in determining 
whether other types of loads can 
be switched. (The latching-current 
value determines whether the triac 
will remain in conduction after the 
gate pulse is removed.) Provisions 
are included in the CA3059 to ac- 
commodate inductive loads and 
low-power loads. For example, for 
loads that are less than approxi- 
mately 4 amperes rms or that are 
slightly inductive, it is possible to 
retard the output pulse with re- 
spect to the zero-voltage crossing 
by insertion of the capacitor Cx 
from terminal 5 to terminal 7 as 
shown in Fig. 202. The insertion of 
capacitor Cx permits switching of 
triac loads that have a slight induc- 
tive component and that are grea- 
ter than approximately 200 watts 
(for operation from an ac line vol- 
tage of 120 volts rms). However, 
for loads less than 200 watts (for 
example, 70 watts), it is recom- 
mended that the user employ the 
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low latching-current requirement 
of this triac. 

For loads that have a low power 
factor, such as a solenoid valve, 
the user may operate the CA3059 
in the dc mode. In this mode, ter- 
minal 12 is connected to terminal 
7, and the zero-crossing detector is 
inhibited. Whether a "high" or 
"low" voltage is produced at ter- 
minal 4 is then dependent only 
upon the state of the differential 
comparator within the CA3059 in- 
tegrated circuit, and not upon the 
zero crossing of the incoming line 
voltage. Of course, in this mode of 
operation, the CA3059 no longer 
operates as a zero-voltage switch. 
However, for many applications 
that involve the switching of low- 
current inductive loads, the 
amount of RFI generated can fre- 
quently be tolerated. 

Fail-Safe Feature 

As shown in Figs. 202 and 203, 
when terminal 13 is connected to 
terminal 14, the fail-safe circuit of 
the CA3059 is operable. If the sen- 
sor should then be accidentally 
opened or shorted, power is re- 
moved from the load (i.e. , the triac 
is turned off). The internal fail-safe 
circuit functions properly, how- 
ever, only when the ratio of the 
sensor impedance at 25°C, if a 
thermistor is the sensor, to the im- 
pedance of the potentiameter Rp is 
less than 4 to 1 . It is readily appar- 
ent that, if the potentiometer is ad- 
justed for 1000 ohms and the sen- 
sor is 100,000 ohms, the zener 
diode Dis (shown in Fig. 203) 
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would conduct because virtually 
all the dc power-supply voltage 
(from terminal 2 to terminal 7) 
would appear across the sensor. 
The CA3059 would then detect this 
condition as an open sensor. 

For ratios greater than 4 to 1, 
for example 100 to 1, the circuit 
shown in Fig. 205 may be em- 
ployed to provide fail-safe opera- 
tion. In this circuit, transistor Qi 
and diode Di are components ex- 



open-circuited, transistor Qi turns 
off, and current then flows into 
terminal 1 , the inhibit terminal of 
the CA3059, and results in the 
removal of power to the load. For 
the shorted-sensor condition, the 
external diode Di conducts and 
causes triac Yi to turn off. Diode 
D2 compensates for variations in 
the base-to-emitter voltage of 
transistor Qi with temperature. 
Terminals 13 and 14 on the 
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Fig. 205-CA3059 on-off controller that uses an external fail-safe circuit. 



ternal to the CA3059. Transistor 
Qi detects the sensor current 
which maintains this transistor in 
saturation so that terminal 1 is 
effectively shorted to terminal 7 
through the collector-to-emitter 
junction of the transistor. Transis- 
tor Qi provides sufficient current 
gain to permit operation with a 
sensor impedance greater than 1 
megohm. If the sensor becomes 



CA3059 should not be connected 
together when the external fail- 
safe circuit shown in this illustra- 
tion is employed. 

Half-Cycling and Hysteresis 
Characteristics 

The method by which the 
CA3059 senses the zero crossing 
of the ac power results in a half- 
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cycling phenomenon at the control 
point. Fig. 206 illustrates this 
phenomenon. The CA3059 senses 
the zero-voltage crossing every 
half-cycle, and an output, for ex- 
ample pulse No. 4, is produced to 
indicate the zero crossing. During 
the remaining 8.3 milliseconds, 
however, the differential amplifier 
in the CA3059 may change state 
and inhibit any further output 
pulses. The uncertainty region of 



the differential amplifier, there- 
fore, prevents pulse No. 5 from 
triggering the triac during the nega- 
tive excursion of the ac line volt- 
age. 

Sever oleexist for elimination of 
the half-cycling phenomenon. If 
the user can tolerate some hys- 
teresis in the control, then positive 
feedback can be added around the 
differential amplifier. 
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Fig. 206-Half-cycling phenomenon in the CA3059. 
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Thyristors may be used in most 
heating applications to provide re- 
liable and economic control of the 
input power supplied to the heat- 
ing element. Triacs are usually 
employed in such applications be- 
cause full-wave control (a 100-per 
cent control range) can be 
achieved with a single device. Al- 
though two back-to-back SCR's 
may also be used to provide full- 
wave control, triacs are generally 
preferred because a single triac is 
less expensive than two SCR's 
that operate at the same current 
performance level. The applica- 
tion of power to the heating ele- 
ment may be controlled by a single 
SCR for applications in which 
half-wave control is adequate. An 
SCR and diode combination is 
used when only limited control is 
required and an always-on system 
is desired. 

GENERAL DESIGN 
CONSIDERATIONS 

The temperature of the heat ac- 
ceptor can be controlled to an ac- 
curacy of ±20°C by use of rela- 
tively simple open-loop systems, 
i.e. , systems in which no feedback 
is received from the heat acceptor. 



A typical example is an oven- 
heating system in which a variable 
source of power supplied to the 
oven may be increased or de- 
creased as desired, but no provi- 
sions are made for control of 
temperature variations that may 
occur at any power-input level. 
Such temperature variations may 
result from changes in the input 
line voltage or in circuit loading. 

Sophisticated closed-loop sys- 
tems that use low-cost thyristors 
may be designed for use in applica- 
tions that require precise tempera- 
ture control. In such systems, a 
sensor is used to monitor the 
temperature of the heat acceptor, 
and an error (feedback) signal is 
developed to indicate whether the 
amount of power delivered to the 
heating element should be in- 
creased or decreased. The system 
operates in response to the feed- 
back signal to compensate for the 
effects of any change in line vol- 
tage or circuit loading; as a result, 
variations in the temperature of 
the heat acceptor can be limited to 
very small values. With a closed- 
loop system, a control accuracy 
within ±0.5°C is readily achieved. 

An important practical consid- 
eration for heating-control sys- 



Heating Controls 



207 



terns is that when power is added 
to or removed from the ac line, the 
increments of change in power 
level should not exceed 5 
kilowatts. This limitation is neces- 
sary to assure that transient effects 
produced by the power switching 
do not interfere with other elec- 
tronic equipment on the same ac 
line. These increments of power 
level can be easily controlled by 
use of digital circuitry and low- 
level control circuits. 

In heating systems that use air as 
a heat-transfer medium, modula- 
tion of the air flow may be neces- 
sary to match the amount of heat 
energy being produced. With this 
technique, a minimum amount of 
heat can be provided at a low 
speed to reduce the temperature 
difference between the heated area 
and the stagnant air. 

In many applications, isolation 
of the sensor and associated cir- 
cuitry from the triac and ac line are 
desirable. As explained previously 
in the section on Isolated Trigger 



Circuits, either optical or magnetic 
techniques may be employed to 
provide this isolation. In polyph- 
ase control circuits this type of iso- 
lation is essential. Typical isola- 
tion circuits and techniques used 
in such applications are described 
in the section on Three-Phase Triac 
Controls. 



BASIC HEAT-CONTROL 
TECHNIQUES 

Manual adjustment of the output 
of electrical heaters can be pro- 
vided over an infinite range by use 
of the phase-control techniques 
described in the section on 
Thyristor Triggering. Automatic 
temperature regulation may be in- 
corporated into phase-control sys- 
tems by the addition of a firing cir- 
cuit that adjusts the conduction 
angle of the thyristor in response 
to feedback from a temperature 
sensor, such as a thermistor. 

Fig. 207 shows a simple full- 
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Fig. 20/ '-Phase-control type of triac heat-control circuit. 
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wave heat-control circuit that em- 
ploys the phase-control technique. 
This circuit illustrates a rather 
crude, but usable approach to heat 
control that may be employed for 
hot plates, solder pots, and other 
non-critical appliances. The cir- 
cuit employs the basic two-time- 
constant phase-control configura- 
tion. A description of the opera- 
tion and basic features of this type 
of circuit configuration is given in 
the section on Lighting Controls. 

The range of the positive- 
temperature-coefficient (PTC) 
sensor must be sufficient to pro- 
vide the desired control. Care 
must be taken to assure that the 
sensor is not self-heated as a result 
of the current that flows through it. 
The triac Qi provides full-wave 
control so that the amount of dc 
component on the ac line is very 
small. 

If the sensor is replaced by a 
short circuit, an open-loop control 
is obtained. (The value of resistor 
R2 must be increased.) Open-loop 
control can be advantageous for 
applications in which manual heat 
control is desired. A typical appli- 
cation is entry-way heating. A 
constant temperature is not re- 
quired, but the temperature must 
be varied to maintain the tempera- 
ture of the entry area at a level 
higher than the inside tempera- 
ture. 

The major disadvantage of 
phase controls for use in heating 
systems is that random switching 
of the high power levels usually 
involved in such applications gen- 
erate large amounts of radio- 
frequency interference (RFI) in 
nearby electrical equipment and 



particularly in standard AM 
broadcast-band receivers. In the 
phase-control circuit shown in Fig. 
207, the capacitor Ci and the in- 
ductor Li form a filter network that 
is used to limit the RFI produced 
by the circuit. The value (and size) 
of inductor Li must be increased as 
the load is increased. At higher 
power levels, this requirement 
often causes packaging difficulties 
and substantially increases the 
over-all cost of the circuit. For this 
reason, zero-voltage switching is 
used for most heater controls. 

The thermal-response time of a 
heater is generally much longer 
than the period of the ac line fre- 
quency. Modulation of the heater 
output, therefore, may be accomp- 
lished by application of full power 
to the load for a short time and 
complete removal of the power for 
a period of time. If the control cir- 
cuit is made sufficiently sensitive 
to temperature changes, an ex- 
tremely small temperature diffe- 
rential can be maintained between 
power-on and power-off states. 
Precise temperature control is 
then achieved by rapid and fre- 
quent switching from on to off. If 
this switching always occurs at or 
near the 0-degree or 180-degree 
(zero- voltage) points on the ac line 
voltage, the radio-frequency inter- 
ference generated by thyristor 
switching can be almost com- 
pletely eliminated. 

ZERO-VOLTAGE-SWITCHED 
CONTROLS 

The RCA-CA3059 integrated- 
circuit zero-voltage switch is par- 
ticularly suited for use in thyristor 
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The integrated circuit may be em- 
ployed as either an on-off type of 
controller or a proportional con- 
troller, depending upon the degree 
of temperature regulation re- 
quired. The availability of numer- 
ous terminal connections to inter- 
nal circuit points greatly increases 
the flexibility of the CA3059 and 
permits the circuit designer to ex- 
ercise his creativity to employ the 
integrated switch in unique ways. 
A detailed description of the 
CA3059 and the block diagram 
(Fig. 202) and schematic (Fig. 203) 
of this integrated circuit are 



provided in the earlier section on 
Thyristor Triggering. 

On-Off Control 

Fig. 208 shows a simple zero- 
voltage-switching control that 
uses a CA3059 and a triac. By 
selecting the triac for the current 
level involved, this simple circuit 
can control heater power at cur- 
rent and voltage levels from 2.5 
amperes and 24 volts to 80 am- 
peres and 600 volts. The com- 
ponents that must be changed for 
operation at different power levels 
are the series resistor R s and the 




92CS-2I430 
Fig. 208-On-off temperature controller. 
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triac. The chart shown with the 
functional diagram of the CA3059 
in Fig. 202 illustrates the easy way 
in which circuits that use this 
integrated-circuit zero-voltage 
switch can be changed to accom- 
modate various line voltages. 

The circuit shown in Fig. 208 re- 
quires a negative-temperature- 
coefficient (NTC) thermistor for 
proper operation. If terminals 9 
and 13 of the CA3059 are inter- 
changed, positive-temperature- 
coefficient thermistors can be 
used, and advantage can then be 
taken of the shorted- and open- 
circuit fail-safe provisions of the 
CA3059. 

The heater control operates in 
the off-on mode. Its temperature 



accuracy depends on the differen- 
tial input sensitivity of the 
CA3059, or the thermistor used, 
and, to some extent, on the level of 
the temperature being controlled. 
This behavior is controlled by the 
slope of the decrease in thermistor 
resistance with increasing temper- 
ature. These effects must be ac- 
commodated during the design of 
the circuits. 

Proportional Heating Controls 

When precise temperature 
control is required, closed-loop 
proportional control is recom- 
mended. Fig. 209 shows a typical 
example of a proportional type of 
heat control. The temperature ac- 
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Fig. 209-Proportional temperature controller. 
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curacy of this circuit, which de- 
pends on the input sensitivity of 
the CA3059, the thermistor used, 
and the level of temperature being 
controlled, is in the order of 
±0.2°C. 

In proportional-control sys- 
tems, either of two basic ap- 
proaches may be used depending 
upon the performance desired. 
The simpler approach is to use 
a reference ramp that has an amp- 
litude almost equal to the voltage 
swing that exists. A more sophis- 
ticated approach is to use a 
limited ramp that covers the set 
point. 

Fig. 210 shows a basic circuit 
that may be used to perform the 
comparison between the reference 
ramp and a voltage divider formed 
by the sensor and calibration re- 
sistor. In the large-ramp ap- 
proach, the ramp voltage varies 
from volts to the voltage V s . 
With this approach, the triac is 
not gated when the magnitude of 
the ramp voltage is less than the 
voltage V,. This mode of oper- 



ation produces an "on" period 
that decreases as the sensor 
temperature increases, as shown 
in Fig. 211. 

Fig. 211 shows that, as the 
value of the reference voltage V, 
varies, the length of time the triac 
is on changes, The triac is never 
off all the time. The increments of 
power are based on the number of 
line voltage half-cycles that occur 
during the time- based period. A 
half-second time base allows 60 
half-cycle periods of operation. 
The heat can then be changed in 
increments of (1/60) 100 or 1.6 per 
cent; if finer control is desired, the 
time base must be lengthened. 
The maximum amount of heating 
power that can be controlled is 
easily changed by selection of 
different triac and heater combin- 
aations. The increments of heat 
produced by this type of circuit 
are a function of the time base, the 
heater, and the differential-ampli- 
fier resolution. 

In the more sophisticated 
limited-ramp approach, the ramp 
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Fig. 210-Basic circuit for comparison of ramp voltage and reference voltage in a 
proportional temperature controller. 
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voltage traverses only small in- 
crements. In this case, the ramp 
voltage may vary from 0.4Vs to 
0.6Vs. The heater receives full 
power until the voltage V! rises to 
0.4Vs. At this point, the power 
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Fig. 211 -Waveform showing effect of the 
relative amplitude of the ramp voltage and 
the reference voltage on the conduction 
time of the triac. 



supplied to the heater starts to 
decrease, and the heater is totally 
off when the voltage Vi reaches 
0.6Vs. This type of operation 
provides minimum warm-up time 
and the fastest response to 
loading. It is particularly useful in 
temperature-controlled processes. 
Fig. 212 compares the two ap- 
proaches to proportional control 
with the same heaters and loads. 
Fig. 213 shows circuit diagrams of 
ramp generators for both ap- 
proaches. The benefits of the 
sophisticated system may not be 



needed in all applications, and 
care must be exercised to assure 
that the added cost is warranted. 
A complete heater control that 
uses the sophisticated type ramp 
generator is shown in Fig. 214. 

Heat Controls With Isolated 
Sensors 

In many industrial controls, iso- 
lation of the sensor from the thyris- 
tor and ac line is required. The 
main premise is to provide ade- 
quate operation and at the same 
time isolate the input from the 
power lines. Three schemes for 
achieving this isolation are shown 
in Figs. 215, 216, and 217. 

Fig. 215 shows an isolation sys- 
tem that uses a low-voltage trans- 
former and pulse transformer to 
provide sensor isolation and low- 
voltage operation of the CA3059. 
This circuit is a typical example of 
a heat-control circuit used in in- 
dustrial applications. 

Fig. 216 illustrates the use of an 
inverter stage for input isolation. 
The circuit shown in Fig. 216 (a) 
uses the inverter isolation method 
to provide an on-off type of control 
in response to a dc level. This cir- 
cuit can be used as a high-power 
switch in a numerical control sys- 
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Fig. 212-Response characteristics for (a) elementary and (b) sophisticated proportional 

heat-control systems. 
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Fig. 213-Ramp generators: (a) ramp amplitude from to 6 volts; (b) ramp amplitude 
limited to 1.5 volts to 6 volts. 



tem. In effect, it is simply a form of 
a solid-state ac relay and may be 
used for many other types of appli- 
cations in addition to that of heat- 
ing control. 

Fig. 216 (b) shows the use of an 
inverter as an interface between a 
complex control system and the 
CA3059-triac combination. This 
type of circuit is usually employed 
for industrial control circuits in 
which the sensor is coupled to 
low-level logic systems. A control 
circuit of this type may also be 
used with polyphase systems to 



provide isolation between phases. 
This isolation is accomplished 
most economically by use of mul- 
tiple secondary windings. As the 
output of the inverter is coupled to 
the differential input of the 
CA3059, very little output current 
is required and power consumed 
by the inverter is basically its in- 
herent losses. 

Fig. 217 shows a system in 
which optical coupling is used to 
provide input isolation. Incandes- 
cent lamps, neon lamps, or light- 
emitting diodes may be used. 
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Fig. 214-Proportional heat-control system. 
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Fig. 215-On-off controller that uses a step-down transformer to provide isolation of the 

sensor. 
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Fig. 216-Proportional heat controls that use an inverter stage to provide input isolation. 
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Fig. 21/ '-Proportional control system that uses optical coupling to provide input isolation . 



Light-emitting-diode systems are 
preferred because they are rugged 
and have long life capability. The 
advantage of this system is that the 
input from the sensor to the dif- 
ferential amplifier can be pro- 
portional. 

In proportional controls for 
polyphase systems, it is better for 
the proportioning to be accom- 
plished at the sensor and to supply 
a controlled signal to the optical 
elements. This method is preferred 
for operation with a magnetic iso- 
lation system. The alternate 
method is to use several ramp 
generators on each phase and hope 
the time bases are the same. The 
disadvantage of this latter method 
is that it permits chance and toler- 
ances to cause poor operation. 

Staged Heat Controls 

In high-power systems (5 kW or 
higher), it is advisable to incorpo- 



rate a stepped load system in addi- 
tion to a proportionally controlled 
element. A block diagram of such a 
system is shown in Fig. 218. 

The basic technique for the con- 
trol of multiple heating elements, 
illustrated in Fig. 218, can be use- 
fully applied in an electric-range 
control. Fig. 219 shows the 
schematic diagram of a circuit de- 
signed to control the heating level 
of the four top burners and the 
temperature of the oven in an elec- 
tric kitchen range. This circuit 
provides open-loop control for the 
top burners and closed-loop con- 
trol for the oven. 

The top-burner control circuit 
use two RCA COS/MOS inte- 
grated circuits, the CD4013A dual 
"D" type flip-flop with set/reset 
capability and the CD4015A dual 
four-state static shift register, to 
provide the logic commands that 
control the application of power to 
each top-burner heating element. 
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Fig. 218-Non-isolated staged heat control. 



The two sections of the CD4015A 
are serially connected to form an 
eight-stage register that provides 
the command signal to initiate the 
zero-voltage triggering of the 
triacs in series with each top- 
burner heating element. The 
CD4013A flip-flop is used to reset 
the register. Figs. 220 and 221 
show the functional and logic diag- 
rams for the CD4013A and 
CD4015A COS/MOS integrated 
circuits. Detailed information on 
the operation of COS/MOS flip- 
flops and registers is given in the 
RCA COS/MOS Integrated Circuit 



Manual, Technical Series 
CMS-271, and definitive charac- 
teristics and ratings data on the 
CD4013A and CD4015A are given 
in the RCA Solid-State Data Book 
SSD-203 or Technical Bulletin File 
No. 279. 

As shown in Fig. 219, the top- 
burner control circuits employ a 
number of multiplexed functions 
in which the logic commands for 
dc zero- voltage triac switching and 
for register shifts are shared by the 
four top-burner heating elements 
(Li through U). Fig. 222 through 
224 shows the output waveforms 
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Fig. 219-Electric-range heater control. 
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Fig. 220-RCA-CD4013A COSMOS dual "D"-type flip-flop: (a) terminal-connection 
diagram; (b) logical diagram and "truth" table (one of two identical flip-flops). 
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Fig. 221-RCA-CD4015A COSMOS dual four-stage shift register: (a) terminal- 
connection diagram; (b) logic diagram and "truth" table. 
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Fig. 222-Output waveforms for COSMOS logic circuit. 



from the COS/MOS circuits, the 
load-current waveforms, and the 
gate drive relationships to these 
waveforms for different settings of 
the top-burner temperature selec- 
tors. 

Two RCA-CA3082 integrated- 
circuit n-p-n transistor arrays are 
used to develop the gate drive for 
the top-burner and the oven triacs 
(Ti through Ts). Pairs of the array 
transistors are interconnected in 
Darlington configurations to sup- 
ply the required gating signals to 
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Fig. 223-60-Hz load current waveforms for 
various positions of temperature selector. 



the individual triacs when the 
proper logic commands are re- 
ceived from the top-burner 
COS/MOS logic circuits or the 
oven-control circuits. 

The oven-control circuit uses 
an RCA-CA3086 integrated-circuit 
n-p-n array interconnected in a 
closed-loop configuration to de- 
velop the command signals that 
control the application of power 
to the oven heating element. The 
dc supply voltage and zero-volt- 
age triac switching in these cir- 
cuits are also incorporated as 
multiplexed functions. A negative- 
temperature-coefficient (NTC) 
thermistor is used as the feedback 
sensor element required in a 
closed-loop system. If the oven 
temperature varies above or be- 
low a preselected value (deter- 
mined by the setting of the oven- 
temperature potentiometer), the 
resistance of the thermistor 
changes. This change in thermistor 
resistance results in an error sig- 
nal that allows the control circuit 
to compensate automatically for 
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any tendency for the oven tern- crease because of variations in the 
perature to either increase or de- line voltage or other factors. 
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Fig. 224-Gating relationships for electric-range heat control. 



Incandescent Lighting 

Controls 



A popular application of thyris- 
tors, particularly of triacs, is in 
controls for incandescent lighting 
systems, such as lamp dimmers, 
traffic-signal lights, and warning 
flasher lights. In addition, triacs 
may be used to advantage in bulb 
preheat circuits that are employed 
to maintain the temperature of 
lamp filaments at a point just 
below that required for incandes- 
cence. Use of bulb preheat circuits 
makes it possible to avoid high ini- 
tial current surges that result when 
full turn-on power is first applied 
to an incandescent lamp because 
of the low resistance of the cold 
filament. 

SURGE-CURRENT 
CONSIDERATIONS 

An important consideration in 
the design of triac control circuits 
for incandescent lighting systems 
is the load and its effect on the 
requirements of the triac. Obvi- 
ously, the triac must be capable of 
handling the steady-state load cur- 
rent. In addition, however, the 
triac should be capable of with- 
standing transient current surges 
that may result from bulb flash- 
over or cold-filament inrush cur- 
rent. 



Flashover 

A short-duration, extremely 
high-current surge through the 
triac is initiated when a lamp 
filament ruptures. The rupture is 
most likely to occur as a result of a 
termination in bulb life; however, 
it can be caused by a mechanical 
shock. The mechanism of flash- 
over is initiated by the gap formed 
when rupturing occurs. The in- 
stantaneous value of line voltage 
across the break sets up an elec- 
tric field that ionizes the gases in 
close proximity to the gap. The 
ionized gases, usually argon and 
nitrogen, provide an electrical 
conduction path across the gap, 
and the resulting current heats 
and ionizes more gases until an 
arc is formed across the filament 
lead-in wires. The arc is main- 
tained as long as the regenerative 
heating and ionization continue. 
Finally, because of either in- 
creasing arc length or decreasing 
ac line voltage, or both, the elec- 
tric field becomes too weak to 
sustain the arc, and the arc is 
extinguished. 

Fig. 225 shows a flashover cur- 
rent pulse. Its magnitude and dur- 
ation depend on many factors. 
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The actual peak magnitude of the 
source voltage, the voltage phase 
at the instant of filament rupture, 
and the impedance of the lead 
wires and other circuitry (in- 
cluding RFI filters) all affect the 
duration and magnitude of the 
surge. Typical values can be given 
for the stress of flashover at a load 
center point. For bulbs of less 
than 75 watts, the duration of the 
surge can be typically less than 2 
milliseconds. For bulbs of 100 to 
150 watts, the duration of the 
surge can be typically less than 4 
milliseconds. The magnitude of 
surge can vary considerably, with 
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Fig. 225-Flashover current at peak voltage 
point. 



typical peak values ranging from 
80 to 200 amperes when the flash- 
over occurs near the maximum 
voltage point. If the flashover 
occurs at a zero-voltage crossing, 
the current surge may be reduced 
as a result of the dependence of 
the magnitude on the voltage 
phase at rupture. 

Because of the short duration of 
the flashover current, it is usually 
difficult to provide circuit fuse 
protection against flashover. Most 
incandescent bulbs are provided 
with a fuse built into one of the 
lead-in wires. This built-in fuse is 
not 100-per-cent effective against 



flashover and, therefore, cannot 
be depended upon to protect the 
triac. 

Inrush Current 

In tungsten-filament lamps, 
the cold filament resistance is ap- 
proximately 1/18 to 1/12 of the hot 
filament resistance. The actual 
currents in a circuit under inrush 
and steady-state conditions do not 
vary in these ratios, however, 
because of the inductance and 
external limiting resistance of the 
circuitry, including the lead-in 
wires to the bulb. Furthermore, it 
is obvious that the highest inrush 
current will occur at the peak of 
the voltage sine wave in a lamp 
load circuit. If switching occurs at 
any other phase of the voltage 
sine wave, the peak current 
through the bulb is less than 
"worst case." Typically, the 
maximum inrush peak current can 
be ten times as great as the 
steady-state peak current, while 
the peak inrush current with zero- 
voltage switching can be approx- 
imately five times as great as the 
steady-state peak current, as 
shown in Fig. 226. Thus zero- 
voltage switching of a lamp effects 
a soft turn-on that reduces the 
initial peak of inrush current by 
half and greatly increases bulb 
life. This increase of bulb life by 
zero-voltage switching has been 
verified by test results; an in- 
crease in life of approximately ten 
times, with a 90 per cent confid- 
ence level, has been reported. 
Thus, maintenance costs are re- 
duced and system reliability in- 
creased. 
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Fig. 226 shows how the current 
in a lamp circuit decreases to the 
steady-state value. The rate of 
decrease depends upon the ther- 
mal time constant of the tungsten 
filament. A 100-watt bulb typi- 
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Fig. 226-(a) Inrush current at peak voltage 
point and (b) inrush current at zero-voltage 
point. 

cally might reach steady-state 
current within 100 milliseconds 
after turn-on, while a 1000-watt 
bulb typically requires 200 milli- 
seconds to reach its steady-state 
current condition. 

Fuses 

Flashover and inrush can occur 
in combination. Because a bulb is 
exposed to its most severe normal 
operating stress during inrush, the 
weakest spot of the filament often 
ruptures and causes a flashover at 
turn-on. Most often, switching 
and flashover occur at some point 
other than the peak voltage; there- 



fore, the resulting peak current is 
usually within the handling capa- 
bility of the triac. 

Fuses in incandescent-lamp cir- 
cuits must not blow under the 
stress of inrush current, yet must 
blow under flashover current. For 
low-power bulbs, the flashover 
current is substantially greater 
than the peak inrush current, and 
fuse protection is simple. For 
example, a 100-watt bulb might 
have a typical flashover current of 
100 to 200 amperes and a typical 
inrush current of 10 amperes. For 
large-wattage bulbs, however, 
fusing is difficult. For a 1000-watt 
bulb, the peak flashover current 
might still be between 100 and 200 
amperes, while the peak inrush 
current is approximately 120 am- 
peres. Fuses set to blow at 150 
amperes peak flashover current of 
short duration may also blow un- 
der the long-duration, slightly- 
lower-amplitude stress of inrush. 
As a result, a fusing solution to 
the problem of triac protection 
would be marginally reliable. One 
solution is to use a 40-ampere 
triac (available in the RCA- 
2N5443 series), which has a 
single-cycle surge capability of 
300 amperes, to control this 10- 
ampere load. Here again, system 
reliability would be improved, and 
maintenance costs reduced. 

FILAMENT PREHEAT 
CIRCUIT 

Fig. 227 shows a filament pre- 
heat circuit that may be used to 
reduce the initial inrush current of 
an incandescent lamp. In this cir- 
cuit, when transistor Qi is off, the 
logic interfacing triac Ti is also 
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Fig. 227-A circuit including a filament 
preheat arrangement. 



off. Resistor R3, which can be a 
fixed resistor of approximately 98 
kilohms, is set so that triac T2 is 
fired for only a small portion of 
the voltage cycle. This firing is 
accomplished by the standard 
double-time-constant gate cir- 
cuitry of triac T2. The low- 
conduction-phase firing of the 
bulb keeps the tungsten filament 
warm but not hot enough to radi- 
ate any readily visible light. When 
transistor Qi is turned on, triac Ti 
is gated on and resistor R3 is 
shorted, and the lamp load turns 
on. 

The associated waveforms are 
shown in Fig. 228. For a 200-watt 
bulb in the circuit of Fig. 227, the 
first peak of current through the 
bulb is 7.5 amperes when the 
warm-up circuit is used and 25 
amperes with cold-filament in- 
rush. 

LAMP DIMMERS 

The light intensity of an in- 
candescent lamp depends upon 
the magnitude of the voltage im- 
pressed upon the lamp filament. 



Changes in the lamp voltage, 
therefore, vary the brightness of 
the lamp. When ac source volt- 
ages are used, a triac can be 
employed in series with an in- 
candescent lamp to vary the volt- 
age to the lamp by changing the 
conduction angle, i.e., the portion 
of each half-cycle of ac line volt- 
age during which the triac con- 
ducts to provide power to the 
lamp filaments. Phase-control 
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Fig. 228-Waveforms for circuit in Fig. 
227: (a) voltage on bulb when Ql is off; (b) 
voltage on bulb when Ql is on. 

switching of a triac is a very ef- 
fective and widely used control 
technique for lamp-dimmer ap- 
plications. 

In 400-Hz (or higher-frequency) 
power systems, the thermal time 
constant associated with the lamp 
filament permits the intensity of 
an incandescent lamp to be varied 
(without noticeable flicker) by use 
of proportional integral-cycle triac 
controls to change the average 
power applied the lamp. This type 
of control may bbe desirable in 
high-power 400-Hz systems to re- 
duce RFI components and inrush 
current surges. 
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Single-Time-Constant Circuit 

Fig. 229 shows the circuit dia- 
gram for a single-time-constant 
phase-control circuit. This circuit 

represents the most economical 
type of lamp dimmer. However, it 
provides a high initial illumination 
level and exhibits hysteresis in the 
control-potentiometer setting at 
low light levels. 
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Initial Brightness — The dimmer 
control turns on the incandescent 
lamp with an appreciable initial 
brilliance for the following reason. 
The first instantaneous discharge 
of Ci reduces the voltage across it 
by some amount AV. This voltage 
reduction is caused by the in- 
stantaneous discharge of Ci 
through the trigger device and the 



gate circuit of the triac. This dis- 
charge causes triggering at earlier 
phase positions on succeeding 
half-cycles and, because the ca- 
pacitor charges from a lower po- 
tential of opposite polarity, re- 
sults in a "quick-turn-on" effect 
which produces fairly high levels 
of initial illumination. Continued 
rotation of the potentiometer shaft 
increases the voltage across the 
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load until the points of maximum 
load voltage and lamp illumination 
are reached. 

Rotation of the potentiometer 
shaft in the opposite direction in- 
creases the resistance value of Ri 
and causes the phase position of 
the triac triggering to be increas- 
ingly delayed from the line- 
voltage crossover point. This de- 
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Fig. 229-Single-time-constant phase-controlled lamp-dimmer circuit. 
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layed triggering reduces the ef- 
fective load voltage gradually 
until a point is reached at which a 
small increment of additional re- 
sistance causes the triac to stop 
conducting. At this point, all volt- 
age is removed from the load and 
the lamp is turned off. The value 
of resistance, R x0 , required to 
turn off the triac completely is 
greater than the value R IC required 
for the triac to conduct initially. 
Therefore, R x0 > R Ic for a single- 
time-constant circuit configura- 
tion. This difference in potent- 
iometer settings for turn-on and 
turn-off is commonly referred to 
as hysteresis. It should be noted 
that hysteresis and "quick-turn- 
on" are characteristics of the 
single-time-constant circuit. 

Hysteresis Effect — Fig. 230 
shows the interaction between the 
RC network and the diac to pro- 
duce the hysteresis effect. The 
capacitor voltage and the ac line 
voltage are shown as solid lines. 
As the resistance in the circuit is 
decreased from its maximum 
value, the capacitor voltage 
reaches a value which fires the 
diac. This point is designated A on 
the capacitor-voltage waveshape. 
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Fig. 230-Waveforms showing interaction 
of control network and trigger diode. 



When the diac fires, the capacitor 
discharges and triggers the triac at 
an initial conduction angle 0i. 
During the forming of the gate 
trigger pulse, the capacitor volt- 
age drops suddenly. The charge 
on the capacitor is smaller than 
when the diac did not conduct. As 
a result of the different voltage 
conditions on the capacitor, the 
break-over voltage of the diac is 
reached earlier in the next half- 
cycle. This point is labeled B on 
the capacitor- voltage waveform. 
The conduction angle 62 cor- 
responding to point B is greater 
than 0i. All succeeding conduc- 
tion angles are equal to 02 in 
magnitude. When the circuit re- 
sistance is increased by a change 
in the potentiometer setting, the 
triac is still triggered, but at a 
smaller conduction angle. Even- 
tually, the resistance in series 
with the capacitance becomes so 
great that the voltage on the ca- 
pacitor does not reach the break- 
over voltage of the diac. The cir- 
cuit then turns off and does not 
turn on until the circuit resistance 
is again reduced to allow the diac 
to be fired. The hysteresis effect 
makes the voltage load appear 
much greater than would normally 
be expected when the circuit is 
initially turned on. 

Trigger-Device Characteristics 

— Other important factors that 
influence dimmer performance 
are the characteristics of the trig- 
ger device used in a given circuit 
configuration. In Fig. 183, the 
voltage-current characteristics for 
a triggering device were given, 
and several important parameters 



Incandescent Light Controls 



of the device were shown, includ- 
ing V p , I BL , and the negative- 
resistance characteristic R N . De- 
vices that have high values of V p 
and negative resistance produce 
large hysteresis and high values of 
V IL . The value of V P is funda- 
mental in determination of the 
value of V IL , and the magnitude of 
the negative resistance R N is the 
primary factor in determination of 
the hysteresis. 



Double-Time-Constant Circuit 

The hysteresis effect can be 
substantially reduced by use of a 
double-time-constant lamp-dim- 
mer control. The two basic forms 
of the double-time-constant cir- 
cuit are shown in Figs. 231 and 
232. Both these circuits produce 
less hysteresis and lower initial 
load voltage V, L than the single- 
time-constant circuit because the 
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Fig. 231-Basic double-time constant lamp-dimmer circuit in which triac is cut off 
when potentiometer is set for maximum resistance. 
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Fig. 232-Double-time-constant lamp-dimmer circuit in which a small amount of triac 
current flows when potentiometer is set for maximum resistance. 
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triggering capacitor C2 is re- 
charged by capacitor Ci after 
every trigger pulse. This recharge 
is shown in Fig. 233. The recharge 
from Ci builds up the voltage on 
C2 to a value slightly less than the 
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Fig. 233-Voltage Waveform across trig- 
gering capacitor Ci in double-time- 
constant circuits shown in Figs. 231 and 
232. 

breakdown voltage of the trigger- 
ing device. This action results in 
relatively constant positive and 
negative reference voltages from 
which the capacitor C2 is then 
subsequently charged to the next 
trigger-device breakover voltage. 
This voltage reduces the transient 



phase-back of triggering during 
the first few half-cycles of con- 
duction and allows the lamp load 
to be initially energized with low 
effective voltage. The low effec- 
tive voltage results in low levels of 
illumination. It is then necessary 
to rotate the potentiometer only a 
small amount for the triac to stop 
conducting and the lamp to be 
completely dark. Thus, the hys- 
teresis effect is greatly reduced. A 
fundamental characteristic of the 
circuit of Fig. 232 is that the 
component values are chosen so 
that the triac is conducting a small 
amount of current when R3 is at 
its maximum resistance setting. 
This current prevents the triac 
from going completely out of con- 
duction and thus prevents hys- 
teresis and quick turn-on from 
occurring. 

Effect of Series Gate Resistor — 
In the lamp-dimmer circuit shown 
in Fig. 234, a resistor R3 is con- 
nected in series with the triggering 
device to limit the magnitude of 
discharge current from capacitor 
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Fig. 234-Double-time-constant circuit that uses a series gate resistor. 
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C2 and thus to reduce the in- 
stantaneous voltage drop across 
C2. This technique results in a 
further reduction of hysteresis 
and quick turn-on. 

Flash at Turn-Off— The perform- 
ance characteristics of light dim- 
mers which are influenced by the 
circuit configuration include hys- 
teresis; the voltage across the 
load at initial turn-on, V IL ; the 
maximum voltage that can be 
developed across the load, 
V L (max); and a phenomenon call- 
ed "flash at turn-off." All of these 
characteristics were considered 
previously except flash at turn- 
off. The flash at turn-off is pro- 
duced in double-time-constant 
circuits when the potentiometer is 
adjusted to turn off the triac. This 
effect can also be achieved by a 
reduction in the magnitude of the 
line voltage applied to the circuit 
when the potentiometer is set at, 
or near, maximum resistance. A 
lower line voltage causes a shift in 
the phase of gate-triggering volt- 
age to a point where the flashing 
condition occurs. The funda- 
mental cause of this condition is a 
phase shift in the triggering volt- 
age beyond the zero crossover 
point of the line voltage into the 
early portion of the next succes- 
sive half-cycle, as shown in Fig. 
235. The effective voltage on the 
load undergoes a transient change 
that lasts for a few cycles and 
results in the presence of an ap- 
preciable voltage across the load 
during the transient condition. 
This transient voltage causes the 
lamp filament to become brightly 
illuminated for a number of milli- 



seconds and is manifested as a 
bright flash as the illumination of 
the lamp is being gradually re- 
duced. 
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Fig. 235-Waveforms during flash-at-turn- 
off condition in a double-time-constant 
phase-control circuit. 



The double-time-constant cir- 
cuit is capable of producing a 
phase shift of the triggering volt- 
age which is greater than 90 de- 
grees. If the circuit components 
are chosen to produce this result 
and, simultaneously, to maintain 
the voltage magnitude across the 
triggering capacitor above the 
trigger-device breakover voltage, 
then a flash at turn-off occurs. 
However, if the circuit com- 
ponents are selected to limit the 
maximum amplitude of the trig- 
gering voltage at the 90-degree 
phase-delay condition below this 
critical value, there is no flash at 
turn-off. It should be noted that a 
trade-off exists between the flash- 
at-turn-off phenomenon and the 
hysteresis and V IL phenomena; 
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i.e., elimination of the flash at 
turn-off produces slightly greater 
hysteresis and larger values of 

v, L . 

Zero- Voltage-Switched Circuit 

Fig. 236 shows a lamp-dimmer 
circuit in which the use of an 
RCA-CA3059 integrated-circuit 
zero-voltage switch in conjunc- 
tion with a 400-Hz triac results in 
minimum RFI. (The CA3059 is 
described in the section on Thy- 
ristor Triggering.) 



complete or half cycles within a 
period (typically 17.5 milli- 
seconds) without noticeable 
flicker. Fourteen different levels 
of lamp intensity can be obtained 
in this manner. In the circuit 
shown in Fig. 237, a line-synced 
ramp is set up with the desired 
period and applied to terminal 
No. 9 of the differential amplifier 
within the CA3059. The other side 
of the differential amplifier (term- 
inal No. 13) uses a variable ref- 
erence level, set by the potentio- 
meter R2. A change of the po- 
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Fig. 236-Circuit diagram for 400-Hz zero-voltage-switched lamp dimmer. 



Lamp dimming is a simple triac 
application that demonstrates an 
advantage of 400-Hz power over 
60 Hz. Fig. 237 shows a means of 
controlling power to the lamp by 
the zero-voltage-switching tech- 
nique. Use of 400-Hz power 
makes possible the elimination of 



tentiometer setting changes the 
lamp intensity. 

In 400-Hz applications, it may 
be necessary to widen and shift 
the CA3059 output pulse (which is 
typically 12 microseconds wide 
and centered on zero voltage 
crossing) to assure that sufficient 
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Fig. 237 '-Waveforms for 400-Hz zero-voltage-switched lamp dimmer. 



latching current is available. The 
resistor Rs (terminal No. 12 to 
common) and the capacitor C2 
(terminal No. 5 to common) are 
used for this adjustment. 

PHOTOCELL-OPERATED 
ON-OFF LAMP CONTROLS 

Photocells can be used in con- 
junction with light-dimmer cir- 
cuits to provide light-operated 
controls. These controls can be 
designed so that the lamp turns on 



or off as the ambient light level 
changes from dark to light, or vice 
versa. Two photocell control cir- 
cuits are shown in Figs. 238 and 
239. 

The circuit shown in Fig. 238 
causes the lamp load to turn on 
gradually as the light impinging on 
the photocell increases in inten- 
sity. As the ambient light intensity 
increases, the photocell resist- 
ance decreases to produce a high- 
er effective voltage across the 
load. 



OFF 
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Fig. 238-Photoc ell-operated on-off lamp control that energizes lamp load when 

photocell is illuminated. 
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The circuit shown in Fig. 239 
causes the lamp load to turn off as 
the ambient light level increases. 
This behavior is caused by a de- 
crease in photocell resistance as 
the ambient light intensity in- 
creases. The decreasing photocell 
resistance reduces the voltage 
across capacitor Ci to values less 



The schematic diagram and 
operating voltage and current 
waveforms for two circuits that 
can be used in traffic-control ap- 
plications are shown in Figs. 240 
and 241 and Figs. 242 and 243. 
These circuits have the advantage 
of a common ground between 
logic and power circuitry, 



V, = 120 V 
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Fig. 239-^hotocell-operated lamp control circuit that energizes lamp load when 
photocell is not illuminated. 



than the breakover voltage of the 
triggering device and prevents the 
triac from being triggered. Cir- 
cuits of this type are useful as 
outdoor lighting controls because 
they can be designed to turn on at 
dusk and turn off at dawn auto- 
matically. 

TRAFFIC SIGNAL - LAMP 
CONTROLS 

Triacs are ideally suited for use 
in the control of traffic signals. 
These devices can carry the high 
electrical power required for in- 
candescent traffic-light bulbs and 
can be gated by the low-power 
signals from electronic control 
timers or monitoring computers. 



grounded bulbs, and isolation be- 
tween the dc logic and the power 
circuitry afforded by use of the 
interfacing logic triacs. 
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Fig. 240-Positive-logic bulb-switching 
circuit. 
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In the positive-logic switching 
circuit shown in Fig. 240, logic 
triac Ti is used to interface be- 
tween the low-level logic and the 
load triac T2. With triac Ti gated 
on, capacitor Ci is charged 
through resistor Ri to the break- 
over voltage of the diac, at which 
point triac T2 and the load are 
triggered on. As Fig. 241 (d) 
shows, there is continuous gate 
power driving triac T2 whenever 
triac Ti is on, and thus the light is 
on hard. 




Fig. 



242-Negative-logic 
circuit. 
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Fig. 241-Waveforms for positive-logic 
switching. 



A variation of this circuit with 
opposite (negative) logic is shown 
in Fig. 242. In this circuit, when 
triac Ti is triggered on, triac T2 
and the lamp are off. When Tk is 
off, capacitor Ci can charge 
through resistors Ri and R2 to 
diac breakover, which discharges 



capacitor Ci into the gate of triac 
T2 and energizes the load. Little 
gate power is dissipated in this 
circuit because triac T2 shorts 
across its gate circuitry when it is 
on. 

Both of these circuits are shown 
with continuous gate drive into 
triac Ti. Logic power could be 
conserved by use of pulse drive, 
with no change of power-stage 
operation; however, the logic cir- 
cuitry would be more complex. 
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Fig. 243-Waveforms for negative-logic 
switching. 
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TRAFFIC - CONTROL 
FLASHER 

Thyristors can also be used to 
advantage in flasher-type traffic- 
control systems. In these applica- 
tions, two lights are usually 
flashed on and off as a warning 
display. Fig. 244 shows a thyristor 



can be modified by selecting dif- 
ferent values for any of the fol- 
lowing components: Ri, R2, R3, 
R4, Ci, C2. The important fea- 
tures of this circuit are the simple, 
rugged dc power supply used and 
the use of SCR's as both timing 
and memory devices to trigger the 
triacs. 



SCR MULTIVIBRATOR 
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Fig. 244-Thyristor flasher. 



circuit that accomplishes this 
flashing function. As shown, a 
silicon-controlled-rectifier (SCR) 
multivibrator functions as the 
timer and flasher-triggering driver. 
The drive to the control triac is dc 
and is alternated between Ti and 
T2 according to the timing set in 




the multivibrator. A waveform for 92CS . 2I697 

the component values shown is 

displayed in Fig. 245. The timing Fig. 245-Timing of thyristor flasher. 
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Triacs and SCR's can be used 
very effectively to apply power to 
motors and perform switching, or 
any other desired operating condi- 
tion that can be obtained by a 
switching action. Because most 
motors are line-operated, the triac 
can be used as a direct replace- 
ment for electromechanical 
switches. 

MOTOR SWITCH CIRCUITS 

Fig. 246 shows a very simple 
triac static switch for control of ac 
motors. The low-current switch 
used to control the gate trigger cur- 
rent can be any type of transducer, 
such as a pressure switch, a ther- 
mal switch, a photocell, or a 
magnetic reed relay. This simple 
type of circuit allows the motor to 
be switched directly from the 
transducer switch without any in- 
termediate power switch or relay. 
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Fig. 246Simple trior static switch. 



Triacs can also be used to 
change the operating characteris- 
tics of motors to obtain many dif- 
ferent speed and torque curves. 

For dc control, the circuit of Fig. 
247 can be used. By use of the dc 

1 LOAD | — | 




-o o 
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Fig. 247-AC triac switch control from dc 
input. 

triggering modes, the triac can be 
directly triggered from transistor 
circuits by either a pulse or con- 
tinuous signal. 

INDUCTION— MOTOR 
CONTROLS 

Fig. 248 shows a single- time- 
constant circuit which can be used 
as a satisfactory proportional 
speed control for some applica- 
tions and with certain types of in- 
duction motors, such as shaded 
pole or permanent split-capacitor 
motors, when the load is fixed. 
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120VAC. 60Hz 240VAC. 50Hz 

C 0.22pF. 200V 0.22/UF.400V 

Y T2700B T2700D 



Fig. 248-Induetion motor control. 



This type of circuit is best suited to 
applications which require speed 
control in the medium to full- 
power range. It is specifically use- 
ful in applications such as fans or 
blower-motor controls, where a 
small change in motor speed pro- 
duces a large change in air veloc- 
ity. Caution must be exercised if 
this type of circuit is used with in- 
duction motors because the motor 
may stall suddenly if the speed of 
the motor is reduced below the 
drop-out speed for the specific 
operating condition determined by 
the conduction angle of the triac. 
Because the single-time-constant 
circuit cannot provide speed con- 
trol of an induction motor load 
from maximum power to full off, 
but only down to some fraction of 
the full-power speed, the effects of 
hysteresis described previously 
are not present. Speed ratios as 
high as 3:1 can be obtained from 
the single-time-constant circuit 
used with certain types of induc- 
tion motors. 

Because motors are basically 
inductive loads and because the 



triac turns off when the current 
reduces to zero, the phase differ- 
ence between the applied voltage 
and the device current causes the 
triac to turn off when the source 
voltage is at a value other than 
zero. When the triac turns off, the 
instantaneous value of input volt- 
age is applied directly to the main 
terminals of the triac. This corn- 
mutating voltage may have a rate 
of rise which can retrigger the 
triac. The commutating dv/dt can 
be limited to the capability of the 
triac by use of an RC network 
across the device, as shown in 
Fig. 248. 

Fig. 249 illustrates the use of a 
CA3059 integrated-circuit zero- 
voltage switch, together with two 
CA3086 integrated-circuit transis- 
tor arrays, in a phase-control cir- 
cuit that is specifically designed 
for speed control of ac induction 
motors. (This circuit may also be 
used as a light dimmer.) The cir- 
cuit, which can be operated from a 
line frequency of 50-Hz to 400-Hz, 
consists of a zero-voltage detec- 
tor, a line-synchronized ramp 
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generator, a zero-current detector, 
and a line-derived control circuit 
(i.e., the zero-voltage switch). The 
zero-voltage detector (part of 
CA3086 No. 1) and the ramp 
generator (CA3086 No. 2) provide 
a line-synchronized ramp-voltage 
output to terminal 13 of the zero- 
voltage switch. The ramp voltage, 
which has a starting voltage of 1.8 
volts, starts to rise after the line 
voltage passes the zero point. The 
ramp generator has an oscillation 
frequency of twice the incoming 
line frequency. The slope of the 
ramp voltage can be adjusted by 
variation of the resistance of the 
1 -megohm ramp-control poten- 
tiometer. The output phase can be 
controlled easily to provide 180° 
firing of the triac by programming 



the voltage at terminal 9 of the 
zero- voltage switch. The basic op- 
eration of the zero-voltage switch 
driving a thyristor was explained 
previously in the discussion on 
Heat Controls. 

Reversing Motor Controls 

In many industrial applications, 
it is necessary to reverse the di- 
rection of a motor, either man- 
ually or by means of an auxiliary 
circuit. Fig. 250 shows a circuit 
which uses two triacs to provide 
this type of reversing motor con- 
trol for a split-phase capacitance 
motor. The reversing switch can 
be either a manual switch or an 
electronic switch used with some 
type of sensor to reverse the di- 
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rection of the motor. A resistance 
is added in series with the capac- 
itor to limit capacitor discharge 
current to a safe value whenever 
both triacs are conducting simul- 
taneously. If triac No. 1 is turned 
on while triac No. 2 is on, a loop 
current resulting from capacitor 
discharge will occur and may 
damage the triacs. 
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Fig. 250-Reversing motor control. 

The circuit operates as follows: 
when triac No. 1 is in the off state, 
motor direction is controlled by 
triac No. 2; when triac No. 2 
reverts to the off state and triac 
No. 1 turns on, the motor direc- 
tion is reversed. 

Electronic Garage-Door System 

The triac motor-reversing cir- 
cuit can be extended to electronic 
garage-door systems which use 
the principle for garage-door di- 
rection control. The system con- 
tains a transmitter and a receiver 
and provides remote control of 
door opening and closing. The 



block diagram in Fig. 251 shows 
the functions required for a com- 
plete solid-state system. When 
the garage door is closed, the gate 
drive to the DOWN triac is dis- 
abled by the lower-limit closure 
and the gate drive to the UP triac 
is inactive because of the state of 
the flip-flop. If the transmitter is 
momentarily keyed, the receiver 
activates the time-delay mono- 
stable multivibrator so that it then 
changes the flip-flop state and 
provides continuous gate drive to 
the UP triac. The door then con- 
tinues to travel in the UP direction 
until the upper-limit switch clos- 
ure disables gate drive to the UP 
triac. A second keying of the 
transmitter provides the DOWN 
triac with gate drive and causes 
the door to travel in the DOWN 
direction until the gate drive is 
disabled by the lower limit clos- 
ure. The time during which the 
monostable multivibrator is active 
should override normal transmit- 
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Fig. 251 -Block diagram for remote-control 
solid-stale garage-door system. 
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ter keying for the purpose of elim- 
inating erroneous firing. A feature 
of this system is that, during 
travel, transmitter keying pro- 
vides motor reversing independ- 
ent of the upper- or lower-limit 
closures. Additional features, 
such as obstacle clearance, man- 
ual control, or time delay for 
overhead garage lights can be in- 
cluded very economically. 

DC Motor Reversing and Speed 
Control 

Fig. 252 shows a reversing 
motor speed control which em- 
ploys a triac to provide variable 
power to a rectifier bridge, and 
four SCR's to control and steer 



door openers, loading machines, 
elevators, cranes, and many ap- 
plications that formerly used 
ac/dc universal motors. (This cir- 
cuit may also be used with univer- 
sal motors.) In addition to a motor 
reversing function, the circuit 
^provides speed control by ad- 
justing the conduction angle of the 
ac input to the full-wave bridge. 
Incremental speed control can be 
accomplished by the use of a relay 
or solid-state device to switch the 
phase-control network at Si. 

A circuit of this type requires 
transient protection to prevent 
false triggering of two SCR's in 
se ries, such as Yi and Y3, which 
would result in a short-circuit 
condition. An LC filter at the ac 




the unfiltered full-wave rectified 
current through a motor load. It is 
particularly useful for reversing 
permanent-magnet types of dc 
motors which may be used on 



input filte rs incoming _high- 
frequency transients and also 
prevents any RFI generated with- 
in the circuit from entering the 
mains. A voltage-clipping device, 
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such as spark gap (SG), prevents 
high-voltage transients from ex- 
ceeding the voltage ratings of the 
triac or the SCR's and rectifiers. 
The inductor functions with a 
spark gap to limit surge current in 
the event of spark-gap conduc- 

- tion)An RC network at the output 
of the rectifier bridge provides 
integration of fast-rising transients 
that enter the circuit from the 
mains or those generated during 
the triac switching function. The 
value of the resistor R6, in this 

-4 network is selected to limit the 
maximum surge current through 
all thyristors and rectifiers to a 
safe level during a faulted turn-on 
of two series SCR's) The gate-to- 
cathode capacitors on each SCR 
enhance static dv/dt capability to 
reduce the probability of false 
turn-on. AJree-wheeling diode, 
Di, provides a return path to dis- 



sipate the inductive energy stored 
in the motor windings. 

Load current is reversed by 
switching gate drive power from 
Yi and Y2 to Y 3 and Y 4 . This func- 
tion can be implemented with 
mechanical switching, relays, op- 
tical devices, pulse transformers, 
or transistor circuitry. The only 
requirement is that a delay time 
greater than 1/2 cycle occur after 
the removal of gate drive to the 
forward SCR pair before gate drive 
is applied to the reversing pair, to 
permit the first pair to commutate 
off at their next current-axis cros- 
sing. 

SPEED CONTROLLER SYSTEM 
FOR A DC MOTOR 

Fig. 253 illustrates the use of the 
CA3094 in a motor-speed control- 
ler system. Circuitry associated 
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Fig. 253-Motor-speed controller system. 
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with rectifiers Di and D2 comprises 
a fullwave rectifier which develops 
a train of half-sinusoid voltage 
pulses to power the dc motor. The 
motor speed depends on the peak 
value of the half-sinusoids and the 
period of time (during each half- 
cycle) the SCR is conductive. The 
SCR conduction, in turn, is con- 
trolled by the time duration of the 
positive signal supplied to the SCR 
by the phase comparator. The 
magnitude of the positive dc vol- 
tage supplied to terminal 3 of the 
phase comparator depends on 
motor-speed error as detected by a 
circuit such as that shown in Fig. 
254. This dc voltage is compared to 



less than that of the error voltage 
on terminal 3. The motor-current 
conduction period is increased as 
the error voltage at terminal 3 is 
increased in the positive direction. 
Motor-speed accuracy of ±1 per 
cent is easily obtained with this 
system. 

Motor-Speed Error Detector 

Fig. 254(a) shows a motor- 
speed error detector suitable for 
use with the circuit of Fig. 253. A 
CA3080 operational transcon- 
ductance amplifier is used as a 
voltage comparator. The refer- 
ence for the comparator is estab- 
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Fig. 254-Motor-speed error detector. 



that of a fixed-amplitude ramp 
wave generated synchronously 
with the ac-line-voltage fre- 
quency. The comparator output at 
terminal 6 is "high" (to trigger the 
SCR into conduction) during the 
period when the ramp potential is 



lished by setting the potentiome- 
ter R so that the voltage at term- 
inal 3 is more positive than that at 
terminal 2 when the motor speed 
is too low. An error voltage Ei is 
derived from a tachometer driven 
by the motor. When the motor 



terminal 2 of the voltage compar- 
ator is less positive than that at 
terminal 3, and the output voltage 
at terminal 6 goes "high". When 
the motor speed is too high, the 
opposite input conditions exist, 
and the output voltage at terminal 
6 goes "low". Fig. 254(b) also 
shows these conditions graph- 
ically, with a linear transition re- 
gion between the "high" and 
"low" output levels. This linear 
transition region is known as ' 'pro- 
portional band-width". The slope 
of this region is determined by the 
proportional bandwidth control to 
establish the error-correction re- 
sponse time. 

Synchronous Ramp Generator 

Fig. 255 shows a schematic dia- 
gram and signal waveforms for a 
synchronous ramp generator suit- 
able for use with the motor-con- 
troller circuit shown in Fig. 253. 



mately +2.7 volts (above the 
negative supply voltage). The in- 
put signal E IN at terminal 2 is a 
sample of the half sinusoids (at 
line frequency) used to power the 
motor in Fig. 253. A synchronous 
ramp signal is produced by using 
the CA3094 to charge and dis- 
charge capacitor Ci in response to 
the synchronous toggling of E IN . 
The charging current for Ci is 
supplied by terminal 6. When 
terminal 2 swings more positive 
than terminal 3, capacitor Ci dis- 
charges linearly through the ex- 
ternal diode Ds and the CA3094 to 
produce the ramp wave. The E oul 
signal is supplied to the phase 
comparator shown in Fig. 253. 

AC MOTOR START SWITCHES 

Fig. 256 illustrates the use of a 
solid-state motor start network. 
This circuit relies on the charging 
effect of a capacitor to provide a 




Fig. 255-Synchronous ramp generator with input and output waveforms. 
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time-dependent decay of trigger 
signals to >'.;iu- a triac switch in the 
start winding of a motor. The 
start-cycle time and recovery time 
are variable and adjustable to pro- 
vide for optimum starting torque 
when motor loads are known . 

At the closing of the power 
switch Si. capacitor Ci begins to 
charge because of current How 
through Ri, R2 , and Fb. The vol- 
tage drop across resistor Ri is the 
triggering voltage to the diac trig- 
ger circuit. This trigger circuit de- 
velops pu Ises early in each half 
cycle, i m mediately following the 
closing of Si . As the charging 
capacitor voltage inc l eases at an 
exponential rate, the charging cur- 
rent decreases at a corresponding 
exponential rate . This effect re- 
sults in triggering times which be- 
come more phase-delayed on sub- 
sequent cycles of line voltage. 
During the charging of C2 1 . a 90 de- 
gree firing will be reached after 
which no additional triggering can 



occur, and the start winding be- 
comes inactive. To assure that this 
point is reached, the values of I-i 1 . 
R.2 , and Rj must be selected to pro- 
vide a voltage division at R.a so that 
the peak, voltage across K.i can be- 
come less than the minimum diac 
trigger voltage . The recycle t imc . 
or time required after motor turn- 
off before the motor can be re- 
started, depends on the R2C1 time 
constant since Ci di sc harge s 
through R2. Because the start time 
is usually in the order of I to 2. 
seconds, a heat sink is generally 
unnecessary, as the Iriac package 
has sulTicient thermal capacitance 
to absorb generated heat and dis- 
sipate it through convection and 
lead w i re conduction. 

W hen triacs 01 SCR.* a a re used 
to switch ac power in inductive 
load$, a pai allel net work . such as 
that formed by K«. and C ' 1 may be 
employed to red 1 ice the re suiting 
dv/dt. Use of such networks, 
called snubbcrs, was discussed 
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earlier in the section Thyristor Gat- 
ing and Switching Requirements. 

A variation of this circuit, ex- 
tending its use to other applica- 
tions, is shown in Fig. 257. In this 
circuit, two capacitors are 
charged, one for each polarity of 
line voltage. This arrangement 
provides somewhat longer charg- 
ing times because of one-half cycle 
discharge through R2 during each 
line cycle. This technique is used 
to obtain the longer start cycles 
required for some motor applica- 
tions. Larger motors may be con- 
trolled by using higher rated triacs 
in similar circuits designed for 240 
volt ac lines, as suggested in Fig. 
257. 

SPEED CONTROLS FOR 
UNIVERSAL MOTORS 

Many fractional-horsepower 
motors are series- wound "univer- 



sal" motors, so named because of 
their ability to operate directly 
from either ac or dc power 
sources. Fig. 258 is a schematic 
of this type of motor operated 
from an ac supply. Because most 
domestic applications today re- 
quire 60-Hz power, universal mo- 
tors are usually designed to have 
optimum performance character- 
istics at this frequency. Most uni- 
versal motors run faster at a 
given dc voltage than at the same 
60-Hz ac voltage. 

The field winding of a universal 
motor, whether distributed or 
lumped (salient pole), is in series 
with the armature and external 
circuit, as shown in Fig. 258. The 
current through the field winding 
produces a magnetic field which 
cuts across the armature conduc- 
tors. The action of this field in 
opposition to the field set up by 
the armature current subjects the 
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Fig. 25/ 'Start switch for fractional-horsepower motors. 
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individual conductors to a lateral 
thrust which results in armature 
rotation. 

AC operation of a universal 
motor is possible because of the 
nature of its electrical connec- 
tions. As the ac source voltage 
reverses every half-cycle, the 
magnetic field produced by the 
field winding reverses its direc- 
tion simultaneously. Because the 
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Fig. 258-Series-wound universal motor. 



armature windings are in series 
with the field windings through 
the brushes and commutating seg- 
ments, the current through the 
armature winding also reverses. 
Because both the magneetic field 
and armature current are reversed , 
the direction of the lateral thrust 
on the armature windings remains 
constant. Typical performance 
characteristic curves for a uni- 
versal motor are shown in Fig. 
259. 

One of the simplest and most 
efficient means of varying the im- 
pressed voltage to a load on an ac 
power system is by control of the 
conduction angle of a thyristor 
placed in series with the load. 
Typical curves showing the varia- 
tion of motor speed with conduc- 
tion angle for both half-wave and 



Fig. 259-Typical performance curves for 
a universal motor. 



full-wave impressed motor volt- 
ages are illustrated in Fig. 260. 
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Fig. 260-Typical performance curves for 
a universal motor with phase-angle control. 



Half-Wave Control 

There are many good circuits 
available for half-wave control of 
universal motors. The circuits are 
divided into two classes: regula- 
ting and non-regulating. Regula- 
tion in this instance implies load 
sensing and compensation of the 
system to prevent changes in 
motor speed. 

The half-wave proportional con- 
trol circuit shown in Fig. 261 is a 
non-regulating circuit that de- 
pends upon an RC delay network 
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Fig. 261 -Half-wave motor control with 
no regulation. 



for gate phase-lag control. This 
circuit is better than simple resist- 
ance firing circuits because the 
phase-shifting characteristics of 
the RC network permit the firing 
of the SCR beyond the peak of the 
impressed voltage, resulting in 
small conduction angles and very 
slow speed. 

Fig. 262 shows a fundamental 
circuit of direct-coupled SCR 
control with voltage feedback. 
This circuit is highly effective 
for speed control of universal 
motors. The circuit makes use of 
the counter emf induced in the 
rotating armature because of the 
residual magnetism in the motor 
on the half-cycle when the SCR 
is blocking. 

The counter emf is a function of 
speed and, therefore, can be used 
as an indication of speed changes 
as mechanical load varies. The 
gate-firing circuit is a resistance 
network consisting of Ri and R2. 
During the positive half-cycle of 



the source voltage, a fraction of 
the voltage is developed at the 
center-tap of the potentiometer 
and is compared with the counter 
emf developed in the rotating arm- 
ature of the motor. When the bias 
developed at the gate of the SCR 
from the potentiometer exceeds 
the counter emf of the motor, 
the SCR fires. AC power is then 
applied to the motor for the re- 
maining portion of the positive 
half-cycle. Speed control is ac- 
complished by adjustment of po- 
tentiometer Ri. If the SCR is fired 
early in the cycle, the motor oper- 
ates at high speed because essen- 
tially the full rated line voltage is 
applied to the motor. If the SCR 
is fired later in the cycle, the aver- 
age value of voltage applied to the 
motor is reduced, and a cor- 
responding reduction in motor 
speed occurs. On the negative 
half-cycle, the SCR blocks volt- 
age to the motor. The voltage 
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Fig. 262-Half-wave motor control with 
regulation. 
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applied to the gate of the SCR 
is a sine wave because it is de- 
rived from the sine- wave line volt- 
age. The minimum conduction 
angle occurs at the peak of the 
since wave and is restricted to 90 
degrees. Increasing conduction 
angles occur when the gate bias 
to the SCR is increased to allow 
firing at voltage values which are 
less than the peak value. 

At no load and low speed, skip 
cycling operation occurs. This 
type of operation results in erratic 
motor speeds. Because no counter 
emf is induced in the armature 
when the motor is standing still, 
the SCR fires at low bias-potenti- 
ometer settings and causes the 
motor to accelerate to a point at 
which the counter emf induced in 
the rotating armature exceeds the 
gate firing bias of the SCR and 
prevents the SCR from firing. The 
SCR is not able to fire again until 
the speed of the motor has re- 
duced, as a result of friction 
losses, to a value at which the 
induced voltage in the rotating 
armature is less than the gate bias. 
At this time the SCR fires again. 
Because the motor deceleration 
occurs over a number of cycles, 
there is no voltage applied to the 
motor; hence, the term skip- 
cycling. 

When a load is applied to the 
motor, the motor speed decreases 
and thus reduces the counter emf 
induced in the rotating armature. 
With a reduced counter emf, the 
SCR fires earlier in the cycle and 
provides increased motor torque 
to the load. Fig. 262 also shows 
variations of conduction angle 
with changes in counter emf. The 



counter emf appears as a con- 
stant voltage at the motor term- 
inals when the SCR is blocking. 

If a universal motor is operated 
at low speed under a heavy me- 
chanical load, it may stall and 
cause heavy current flow through 
the SCR. For this reason, low- 
speed heavy-load conditions 
should be allowed to exist for 
only a few seconds to prevent 
possible circuit damage. In any 
case, fuse ratings should be care- 
fully determined and observed. 

Nameplate data for some uni- 
versal motors are given in devel- 
oped horsepower to the load. This 
mechanical designation can be 
converted into its electrical cur- 
rent equivalent throught he fol- 
lowing procedure. 

Internal motor losses are taken 
into consideration by assigning a 
figure of merit. This figure, 0.5, 
represents motor operation at 50- 
percent efficiency, and indidates 
that the power input to the motor 
is twice the power delivered to the 
load. With this figure of merit and 
the input voltage V ac , the rms 
input current to the motor can 
be calculated as follows: 

rms current = 

mechanical hosepower x 746 

0.5 Vac 

(72) 

For an input voltage of 120 volts, 
the rms input current becomes 

rms current = horsepower x 12.4 

(73) 

For an input voltage of 240 volts, 
the rms input current becomes 
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load at the minimum-resistance 
position of the control potentio- 
meter. When this type of control 
circuit is used, an infinite range 
of motor speeds can be obtained 
from very low to full-power 
speeds. 

Full-Wave Control 

A very simple SCR full-wave 
proportional control circuit is 
shown in Fig. 264. Again, ac 
phase shifting and neon triggering 
are used to provide gate phase- 
angle control; a small pulse trans- 
former is utilized for isolation. 
The circuit provides a symmetri- 
cal output for both halves of the 
ac input voltage because the same 
electrical components are used in 
the phasing network for both SCR 
gates. Because the SCR gate cir- 
cuits are completely isolated from 
each other, the cross-talk problem 
usually associated with gate firing 
circuits using transformer coup- 
ling and bi-directional trigger de- 
vices is avoided. There is a hys- 
teresis effect associated with this 
circuit because Ci charges to 
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Fig, 263-Universal motor speed control. 



rms current = horsepower x 6.2 

(74) 

The motor-control circuits de- 
scribed above should not be used 
with universal motors that have 
calculated rms current exceeding 
the values given. The circuits will 
accommodate universal motors 
with ratings up to % horsepower 
at 120 volts input and up to 1V£ 
horsepower at 240 volts input. 

In applications in which the 
hysteresis effect can be tolerated 
or which require speed control 
primarily in the medium to full- 
power range, a single-time-con- 
stant circuit such as that shown in 
Fig. 247 for induction motors can 
also be used for universal motors. 
However, it is usually desirable to 
extend the range of speed control 
from full-power on to very low 
conduction angles. The double- 
time-constant circuit shown in 
Fig. 263 provides the delay neces- 
sary to trigger the triac at very 
low conduction angles with a min- 
imum of hysteresis, and also pro- 
vides practically full power to the 
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264-Full-wave motor control with 
no regulation. 



alternate positive and negative 
values. For 60-hertz operation, 
the transformer characteristics 
are not critical because the mag- 
nitude and shape of the current 
firing pulse are determined pri- 
marily by the charge on the capac- 
itor and the characteristics of the 
neon lamp. Conduction angles 
obtained with this circuit vary 
from 30 to 150 degrees; at the 
maximum conduction angle, the 
voltage impressed upon the load 
(universal motor) is approximately 
95 per cent of the input rms volt- 
age. 

Fig. 265 shows a full-wave con- 
trol circuit that has increased 
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Fig. 265-Full-wave motor control with increased conduction control (no regulation). 
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conduction-angle capability. 
Table VI shows the component 
chart for use of the circuit with 
various SCR's. The threshold 
point of the transistor circuit can 
be changed by varying the value 
of R3. The phase-shift network 
composed of Ri, R2 and Ci per- 
mits the variation of conduction 
angles from minimum to maxi- 
mum. An ac potential impressed 
upon this phase-shifting network 
eliminates skip-cycling at low 
conduction angles. The bridge 
network of CRi, CR2, CR3, and 
CR4 rectifies the ac voltage de- 
veloped across Ci and provides 
the switching transistors with dc 
voltage. 

With the component values 
shown in Fig. 265, the threshold 
voltage required to fire the trans- 
istor circuit is approximately 8 



volts. Variations in conduction 
angle are accomplished by chang- 
ing the setting of R2. In this cir- 
cuit, the conduction angles may 
be varied from 5 to 170 degrees; 
this larger range is more desir- 
able when higher power is to be 
controlled. 

An SCR full-wave circuit de- 
signed for applications requiring 
feedback for compensation of load 
changes is shown in Fig. 266. 
Operation is similar to that of 
the circuits discussed previously 
except that this circuit has full- 
wave conduction with proportion- 
al control. R7 must be matched 
with the motor rating to provide 
optimum feedback for load com- 
pensation. Resistor R7 may range 
from 0.1 ohm for larger-size uni- 
versal motors to 1.0 ohm for 
smaller types. 
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Fig. 266-Full-wave motor control with regulation. 



Triac Controls for 
Three-Phase Power Systems 



The growing demand for solid- 
state switching in heating controls 
and other industrial applications 
has resulted in the increasing use 
of three-phase triac power-control 
circuits. The following paragraphs 
describe the use of triacs to con- 
trol the application of ac power to 
both three-phase resistive and in- 
ductive loads. In the circuits de- 
scribed, the RCA-CA3059 inte- 
grated-circuit zero-voltage switch 
is used as an interface control 
from the low-power logic circuitry 
to the high-power load. The re- 
quirements of the three-phase 
triac controls are as follows: 

1 . The load should be connected 
in either a three-wire delta or wye 
configuration. Four-wire wye 
loads may be handled as three 
independent single-phase sys- 
tems. 

2. Only one logic command sig- 
nal is available for the control cir- 
cuits. This signal must be electri- 
cally isolated from the three- 
phase power system. 

3. Three separate triac gating 
signals are required. 

4. With resistive loads, the 
zero- voltage- switching technique 
should be used to minimize any 
RFI/EMI that may be generated. 



ISOLATION OF DC LOGIC 
CIRCUITRY 

The dc logic circuitry provides 
the low-level electrical signal that 
dictates the state of the load. For 
temperature controls, the dc logic 
circuitry includes a temperature 
sensor for feedback. The RCA 
integrated-circuit zero-voltage 
switch, when operated in the dc 
mode with some additional cir- 
cuitry, can replace the dc logic 
circuitry for temperature controls. 

Isolation of the dc logic cir- 
cuitry from the ac line, the triac, 
and the load circuit is often de- 
sirable even in many single-phase 
power-control applications. In 
control circuits for polyphase 
power systems, however, this 
type of isolation is essential, be- 
cause the common point of the dc 
logic circuitry cannot be refer- 
enced to a common line in all 
phases. 

In the three-phase circuits de- 
scribed in this section, photo- 
optic techniques (i.e., photo- 
coupled isolators) are used to 
provide the electrical isolation of 
the dc logic command signal from 
the ac circuits and the load. The 
photo-coupled isolators consist of 
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an infrared light-emitting diode 
aimed at a silicon phototransistor, 
coupled in a common package. 
The light-emitting diode is the 
input section, and the phototrans- 
istor is the output section. The 
two components provide a typical 
voltage isolation of 1500 volts. 
Other isolation techniques, such 
as pulse transformers, magneto- 
resistors, or reed relays, can also 
be used with some circuit modifi- 
cations. 



THREE-PHASE RESISTIVE 
LOADS 

Fig 267 illustrates the basic 
phase relationships of a balanced 
three-phase resistive load, such 
as may be used in heater appli- 
cations, in which the application 
of load power is controlled by 
zero-voltage switching. The fol- 
lowing conditions are inherent in 
this type of application: 

1. The phases are 120 degrees 



GATE DRIVE 
REMOVED 




SINGLE PHASE 
TURN-OFF 



-SINGLE PHASE START-UP 
(ZERO -VOLTAGE) 

(a) 




«2CS-2I698 

Fig. 267-Voltage phase relationship for a three-phase resistive load when the application 
of load power is controlled by zero-voltage switching: (a) voltage waveforms, (b) 
load-circuit orientation of voltages. (The dashed lines indicate the normal relationship 
of the phases under steady-state conditions. The deviation at start-up and turn-off 

should be noted.) 
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apart; consequently, all three 
phases cannot be switched on si- 
multaneously at zero voltage. 

2. A single phase of a three- 
wire system cannot be turned on. 

3. Two phases must be turned 
on for initial starting of the sys- 
tem. These two phases form a sin- 
gle-phase circuit which is out of 
phase with both of its component 
phases. The single-phase circuit 
leads one phase by 30 degrees and 
lags the other phase by 30 degrees. 

These conditions indicate that 
in order to maintain a system in 
which no appreciable RFI/EMI is 
generated by the switching action, 
from initial starting through the 
steady- state operating condition, 
the system must first be turned 
on, by zero-voltage switching, as 
a single-phase circuit and then 
must revert to synchronous three- 
phase operation. Fig. 268 shows 
a simplified circuit configuration 
of a three-phase heater control 
that employs zero-voltage syn- 
chronous switching in the steady- 
state operating condition, with 
random starting. In this system, 
the logic command to turn on the 
system is given when heat is re- 
quired, and the command to turn 
off the system is given when heat 
is not required. Time proportion- 
ing heat control is also possible 
through the use of logic com- 
mands. 

The three photocoupled inputs 
to the three CA3059 circuits 
change state simultaneously in re- 
sponse to a "logic command". 
The CA3059 circuits then provide 
a positive pulse, approximately 
100 microseconds in duration, 
only at a zero-voltage crossing 



relative to their particular phase. 
A balanced three-phase sensing 
circuit is set up with the three 
CA3059 circuits each connected 
to a particular phase on their 
common side (pin 7) and refer- 
enced at their high side (pin 5), 
through the current-limiting resis- 
tors R4, R5, and Re, to an es- 
tablished artificial neutral point. 
This artificial point is necessary 
because the neutral on the load 
side is not accessible. Because 
only one triac is pulsed on at a 
time, the diodes (Di, D2, and D3) 
are necessary to trigger the op- 
posite-polarity triac and, in this 
way, to assure initial latching-on 
of the system. The three resistors 
(Ri, R2, and R3) are used for cur- 
rent limiting of the gate drive. 

In critical applications that re- 
quire suppression of all generated 
RFI/EMI, the circuit shown in 
Fig. 269 may be used. In addition 
to synchronous operating condi- 
tions, this circuit also incorpor- 
ates a zero-voltage starting cir- 
cuit. The start-up condition is 
zero-voltage synchronized to a 
single-phase, 2-wire, line-to-line 
circuit, comprised of phases A 
and B. The logic command en- 
gages the single-phase "start- 
up" CA3059 and three-phase 
photo-isolators OCI3, OCI4, and 
OCI5 through photo-isolators 
OCIi and OCI2. The single-phase 
CA3059 which is synchronized to 
phase A and B starts the system 
at zero voltage. As soon as start- 
up is accomplished, the three 
photo-isolators OCI3, OCI4, and 
OCI 5 take control, and three- 
phase synchronization begins. 
When the "logic command" is 
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turned off, all control is ended, 
and the triacs automatically turn 
off when the sine-wave current 
decreases to zero. Once the first 
phase turns off, the other two will 
turn off simultaneously, 90° later, 
as a single-phase line-to-line cir- 
cuit, as is apparent from Fig. 267. 

THREE-PHASE INDUCTIVE 
LOAD 

For inductive loads, zero- volt- 
age turn on generally is not re- 
quired because the inductive cur- 
rent cannot increase instantane- 
ously; therefore, RFI/EMI gen- 
erated is usually negligible. Also, 
because of the lagging nature of 



the inductive current, the triacs 
cannot be pulse fired at zero volt- 
age. There are several ways in 
which the CA3059 may be inter- 
faced to a triac for inductive- 
load applications. The most direct 
approach is to use the CA3059 
in the dc mode, i.e., to provide 
a continuous dc output instead of 
pulses at points of zero-voltage 
crossing. This mode of operation 
is accomplished by connection of 
terminal 12 to terminal 7, as shown 
in Fig. 270. The output of the 
CA3059 should also be limited to 
approximately 5 milliamperes in 
the dc mode; and the use of a 
sensitive-gate triac, such as the 
RCA T2300D, is recommended 
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Fig. 268-Simplified diagram of a three-phase heater control that employs zero-voltage 
synchronous switching in the steady-state operating conditions. (Continued from page 

256.) 



for this application. Terminal 3 is 
connected to terminal 2 to limit 
the steady-state power dissipation 
within the CA3059. For most 
three-phase inductive load appli- 
cations, the current handling cap- 
ability of the T2300D triac (2.5 
amperes) is not sufficient. There- 
fore, the T2300D is used as a 
trigger triac to turn on any other 
currently available power triac 
that may be used. The trigger triac 
is used only to provide trigger 
pulses to the gate of the power 
triac (one per half cycle); the 



power dissipation in this device, 
therefore, will be minimal. 

Simplified circuits using pulse 
transformers and reed relays will 
also work quite satisfactorily in 
this type of application. The RC 
networks across the three power 
triacs are used for suppression of 
the commutating dv/dt when the 
circuit operates into inductive 
loads. A detailed explanation of 
commutating dv/dt is provided in 
the basic discussion of Thyristors 
in an earlier section of this Manual. 




Fig. 269-Three-phase power control that employs zero-voltage synchronous switching 
both for steady-state operation and for starting. (Continued on page 259.) 
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Fig. 269-Three-phase power control that employs zero-voltage synchronous switching 
both for steady-state operation and for starting. (Continued from page 258.) 
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Fig. 270-Triac three-phase control circuit for an inductive load, i.e., three-phase motor. 

(Continued on page 261 .) 
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Fig. 270-Triac three-phase control circuit for an inductive load, i.e., three-phase motor. 
(Continued from page 260.) 
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DC Power Supplies 



A dc power supply converts the 
power from the ac line into a 
direct current and steady voltage 
of a desired value. The ac input 
voltage is first rectified to provide 
a pulsating dc and is then filtered 
to produce a smooth voltage. 
Finally, the voltage may be regu- 
lated to assure that a constant out- 
put level is maintained despite 
fluctuations in the power-line volt- 
age or circuit loading. The recti- 
fication, filtering, and regulation 
steps in a dc power supply are 
illustrated in Fig. 271. 

Fig. 272 shows a block diagram 
for a practical regulated dc power 
supply that uses a thyristor as the 
regulating device. An input (line) 
filter is used to limit the peak 



current of the thyristor and to 
suppress any if current that may 
tend to flow back into the ac line. 
The control circuit, in response 
to changes in the output voltage 
that results from load variations 
or to changes in the ac line volt- 
age, provides the logic gating 
required by the thyristor to main- 
tain the output voltage relatively 
constant at some value less than 
the peak value of the ac line 
voltage. 

A dc power supply need not 
include all the elements shown in 
Fig. 271 or Fig. 272. Electroplat- 
ing supplies and battery chargers 
require only rectification of the ac 
input; power supplies for broad- 
cast receivers and phonograph 
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Fig. 271 -Block diagram of a regulated dc power supply. The waveforms show the effects 
of rectification, filtering, and regulation. (Dashed lines indicate voltage fluctations as a 

result of input variations.) 
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Fig. 272-Block diagram of a regulated dc power supply that uses a thyristor as the main 
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amplifiers require only the recti- 
fier and filter sections. However, 
circuits such as oscillators, high- 
gain amplifiers, and low-voltage 
logic, which have exacting fre- 
quency, stability, or output 
requirements, can be critically 
affected by variations in dc supply 
voltages. Some type of regulation, 
therefore, is frequently required 
to prevent significant changes in 
the output of a dc power supply 
because of line-voltage fluctu- 
ations or changes in circuit 
loading. 

RECTIFIER CIRCUITS 

The optimum type of rectifier 
circuit for a particular application 
depends upon the dc voltage and 
current requirements, the maxi- 
mum amount of ripple (undesir- 
able fluctuations in the dc output 
caused by an ac component) that 
can be tolerated in the circuit, 
and the type of power available. 
Single-phase circuits are used to 
provide the relatively low dc 
power required for radio and tele- 
vision receivers, public-address 
systems, and similar types of 
electronic equipment. Polyphase 
rectifier circuits are used to 
provide the dc power in high- 
power industrial applications. 



Polyphase circuits more fully take 
advantage of the capabilities of 
the rectifier and power trans- 
former and, in addition, provide 
a dc output with a small per- 
centage of ripple. Polyphase rec- 
tifiers circuits, therefore, require 
less filtering of the dc output 
voltage than is required for the 
dc output from single-phase recti- 
fier circuits. 

Single-Phase Rectifiers 

The following paragraphs de- 
scribe and show the basic circuit 
configurations for a variety of 
different types of single-phase 
rectifiers. Significant voltage and 
current waveforms are shown 
with the circuit diagram for each 
individual type of rectifier. 

Half-Wave Rectifier— Fig. 273 
shows the circuit diagram and 
load-current waveform for a 
single-phase half-wave rectifier. 
This circuit allows current to pass 
only during the positive half-cycle 
(i.e., during the positive excur- 
sions) of the ac input voltage 
and is blocked during alternate 
half-cycle (i.e., during negative 
excursions). Although the load 
current is always in the same 
direction, it is not a pure direct 
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current. Instead, this current 
flows as a series of half-sine- wave 
pulses. A mathematical analysis 
shows that these current pulses 
consist of a dc component plus 
an ac component referred to as 
ripple. The pulsating current can 
be converted into a true direct 
current by use of a smoothing 
filter between the rectifier and the 
load, as will be explained sub- 
sequently in the discussion of 
Filter Networks. 



IN 



As is apparent from Fig. 273, 
the output current waveform of 
the half-wave rectifier is an exact 
replica of the positive alternation 
of the ac input voltage waveform. 
The anode current flows through 
the load impedance and develops 
a pulsating voltage across this 
impedance that has exactly the 
same waveform as the ac input 
voltage except that only the 
positive half-cycles are re- 
produced. Because the negative 
half-cycles of the input ac voltage 
are not used, the efficiency of the 
half-wave rectifier is low. 

In a half-wave rectifier circuit, 
the average value of the rectifier 
anode current is 0.318 times the 
peak value. Similarly, if the 
voltage drop across the internal 
impedance of the transformer, the 
voltage drop across the surge- 
current limiting resistor (if used), 
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and the forward-voltage drop of 
the rectifier are neglected, the 
rectifier dc output voltage is 0.318 
times the peak voltage across the 
transformer secondary winding. 

A half-wave rectifier delivers 
power to the load only during 
half of the input ac cycle. Con- 
sequently, the ratio of peak to 
average current in this circuit is 
high, the circuit efficiency is low, 
and the output voltage regulation 
is poor. Half- wave rectifiers, 



therefore, are used mainly for 
applications, such as the power 
supply in ac-dc radio receivers 
and the high-voltage supply for 
oscilloscopes and television pic- 
ture tubes, in which the current 
drain is relatively small. Half- 
wave rectifiers are also used 
occasionally for the power-supply 
in television receivers. In such 
applications, an extremely high 
value of filter capacitance is re- 
quired to reduce the ripple 
content to acceptable levels. 
Another disadvantage of the half- 
wave rectifier for high-current 
applications is that the dc com- 
ponent of the rectified output 
current flows through the sec- 
ondary winding of the power 
transformer. This current results 
in dc magnetization and possible 
saturation of the power trans- 
former core; consequently, a re- 
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Fig. 273 - Single-phase half-wave Rectifier and load-current waveform. 
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duction in transformer efficiency 
results. 

Full-Wave Rectifier — Two half- 
wave rectifiers connected back-to- 
back, as shown in Fig. 274, can 
be used to provide unidirectional 
load current during both half- 
cycles of the applied ac voltage. 
In this type of circuit, which is 
referred to as a full-wave rectifier, 
the two rectifier sections alter- 
nately supply current pulses to the 
load in such a way that the load 
current always flows in the same 
direction. 

In the full- wave circuit shown in 
Fig. 274, the cathodes of the two 
rectifiers are connected together 
(if a negative output voltage is 
desired, the anodes are connected 
together) and one end of the load 
is connected to the common 
junction. The other end of the 
load is connected to the centertap 
of the transformer secondary 
winding. Only one-half the trans- 
former secondary winding is con- 



nected between the cathode and 
anode of each rectifier. The total 
transformer secondary voltage, 
therefore, must be twice the 
anode voltage required for each 
rectifier. In most applications, the 
dc output voltage required from 
the power supply is substantially 
greater than the peak value of the 
line voltage. In such instances, 
the power transformer provides a 
large step-up in voltage from 
primary to secondary. 

As shown in Fig. 274, a full- 
wave rectifier delivers two pulses 
of load current for each cycle of 
the ac input voltage. The average 
value of the output current (and 
voltage), therefore, is twice that 
of the half-wave rectifier, or 0.636 
times the peak value. The peak 
value of the voltage is 1.414 times 
the RMS value. The output 
voltage of the full-wave rectifier, 
therefore, may also be expressed 
as 1.414 times 0.636, or 0.9, times 
the rms value of the secondary 
voltage. 
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Fig. 274 - Single-phase Full-wave Rectifier Circuit With Center-tapped Transformer 
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The individual rectifier currents 
in the full-wave rectifier circuit 
flow in opposite directions 
through the secondary winding 
of the power transformer. Con- 
sequently, the problems of dc 
magnetization and saturation of 
the transformer core are avoided, 
and the permissible current drain 
from a full-wave rectifier supply 
is significantly higher than that for 
the half-wave rectifier supply. In 
addition, because the full-wave 
circuit uses both half-cycles of 
the ac input, this circuit has higher 
efficiency and less ripple content 
than the half-wave rectifier 
circuit. Full-wave rectifiers are 
widely used for power supplies in 
applications such as television 
receivers and large audio ampli- 
fiers. 

Full-Wave Bridge Rectifier — The 

full-wave bridge rectifier circuit, 
shown in Fig. 275, avoids the 
need for a center-tapped power 
transformer, and provides twice 



the output voltage obtained from a 
basic full-wave rectifier for the 
same transformer secondary volt- 
age. Four rectifiers are used in the 
bridge circuit; separate pairs of 
series-connected rectifiers carry 
the current on alternate half- 
cycles. 

Like the basic full-wave recti- 
fier shown in Fig. 274, the bridge 
rectifier avoids saturation of the 
power transformer, has only 50 
per cent of the load current in 
each rectifier, and provides a re- 
latively low ripple in the output 
voltage. 

The full-wave bridge rectifier is 
a popular choice for the power 
supply in amateur-transmitter 
systems. This circuit is also used 
extensively in power supplies for 
color television receivers. 

Voltage-Multiplier Rectifier 
Circuits — In some power-supply 
applications, a power transformer 
that provides the required second- 
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Fig. 275 - Full-wave bridge rectifier without center-tapped power transformer. 
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ary voltage cannot be convenient- 
ly provided; and often in low- 
cost receiver circuits, the power 
transformer is eliminated as a cost 
savings. In such cases, a rectifier 
circuit can be designed to deliver 
dc output voltage equal to two or 
more times the peak amplitude of 
the applied ac input voltage. This 
voltage multiplication is achieved 
by the charging of two or more 
capacitors through the rectifiers 
on alternate half-cycles in a way 
such that the dc voltages on the 
capacitors add in series. 



Full-Wave Voltage Doubler: 
Fig. 276 shows the circuit diagram 
for a full-wave voltage-doubler 
type of rectifier circuit. During 
the positive alternation (period A) 
of the ac input, rectifier Di con- 
ducts and capacitor Ci is charged 
(in the polarity indicated) to the 
peak value of the ac input voltage. 
During the negative half-cycle 
(period B) of the input ac voltage, 
rectifier D2 conducts, and capaci- 
tor C2 is then charged (in the 
polarity indicated) to the peak 



value of the input voltage. Both 
capacitors (Ci and C2). therefore, 
are charged to the peak value of 
the input ac voltage in a polarity 
such that with respect to the load 
these voltages add together. The 
output voltage across the load, 
therefore, is equal to twice the 
peak value of the input ac voltage. 
As indicated in Fig. 276, the cur- 
rent through each rectifier in the 
double circuit flows for less than 
a complete half-cycle of the ac 
input. Once capacitors Ci and C2 
become charged, rectifiers Di and 
D2 become reversed-biased and 
can conduct only when the ap- 
plied ac voltage exceeds the volt- 
age on the capacitors. 

The conduction periods for the 
rectifiers occur near the peaks of 
the applied ac input. The duration 
of these conduction periods is a 
function of the rate at which 
charge is removed from the capac- 
itors by the current delivered to 
the load. 

Under no-load conditions, the 
dc output voltage of the full-wave 
doubler is equal to twice the peak 
value of the applied ac voltage. 
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When the load current is drawn, 
the output voltage decreases. The 
amount of the decrease depends 
upon the magnitude of the load 
current and the values of capaci- 
tors Ci and C2. The energy- 
storage capability of a capacitor 
is directly proportional to the 
capacitance value. Very large 
capacitors, therefore, can main- 
tain the output voltage at a value 
very near twice the peak of the 
input ac voltage for relatively large 
load currents. Large capacitors, 
however, draw very high peak 
currents, which may damage the 
rectifiers. Surge limiting resistors 
are often placed in series with the 
rectifiers to reduce the peak cur- 
rents, but such resistors also limit 
the charging current to the capaci- 
tors. (The selection and use of 
surge-limiting resistances are 
described subsequently in the dis- 
cussion of Capacitive Load Cir- 
cuits.) 

Voltage regulation of the full- 
wave voltage doubler is relatively 
poor. As a result, use of this 
type of power-supply circuit is 
generally limited to applications 
in which the load current is small 



or applications in which high load 
currents are limited to a few 
microseconds (i.e., pulse circuits). 

Half-Wave Voltage Doubler: In 
the half- wave voltage doubler, 
shown in Fig. 277, the negative 
terminal of the load is common 
with one side of the ac line. In 
this circuit, capacitor Ci charges 
(in the polarity indicated) through 
rectifier Di to the peak value of 
the ac input voltage across the 
secondary of the power trans- 
former during the negative alter- 
nation of this voltage. During the 
positive alternation of the sec- 
ondary ac voltage, the voltage ap- 
plied to rectifier D2 is a dc volt- 
age equal to the peak value of the 
secondary ac voltage (i.e., voltage 
on capacitor Ci), plus the ac volt- 
age. The output voltage to which 
the output capacitor C2 is charged, 
therefore, is equal to twice the 
peak value of the applied ac 
voltage. 

In the half- wave doubler, energy 
is supplied to the output capaci- 
tor C2 (and current is delivered 
to the load) only on alternate 
half-cycles of the applied ac volt- 
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age. The ripple frequency of this 
doubler circuit, therefore, is the 
same as the frequency of the ap- 
plied ac voltage. Voltage regula- 
tion in this circuit is even poorer 
than that in the full-wave doubler 
circuit. The half-wave doubler, 
however, can be used with the 
negative terminal of the load con- 
nected to one side of the ac line. 
For this reason, the circuit has 
been and will continue to be used 
for low-current applications such 
as power supplies for ac-dc radio 
receivers. 

n-Times Voltage Multipliers: 
Additional voltage multiplication 
can be obtained by "stacking" or 



cascading rectifier circuits. The 
voltage tripler circuit shown in 
Fig. 278 is derived from the half- 
wave voltage doubler shown in 
Fig. 277 by addition of the sec- 
tion that includes rectifier D3 and 
capacitor C3. Similarly, higher 
orders of multiplication can be ob- 
tained by use of additional half- 
wave doubler sections in cascade, 
as indicated in Fig. 279. 

High-Voltage Rectifiers for Tele- 
vision Receivers — The dc supply 
voltage for the picture tube in 
television receivers is usually de- 
rived from the horizontal-scan re- 
trace voltage. This voltage is 
stepped-up by the high-voltage 
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Fig. 278-Half-wave voltage-tripler circuit. 
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Fig. 279— Half-wave "n" multiplier rectifier circuit. 
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(flyback) transformer. The retrace 
voltage waveform consists of a 
narrow high-amplitude positive 
pulse followed by a low-amplitude 
negative excursion, as shown in 
Fig. 280. The negative excursion, 
which is very small in comparison 
to the positive pulse, contributes 
only slightly to the dc voltage 
developed for the picture tube. 
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Fig. 280-Retrace voltage. 

Any of the basic rectifier cir- 
cuits shown in Figs. 273 through 
279 can be used to convert the 



retrace waveform into the high dc 
voltage required for the picture 
tube. Voltage-multiplier circuits 
are frequently used, however, in 
order to reduce the voltage 
stresses on the high-voltage trans- 
formers, the capacitors, and the 
rectifiers. Fig. 281 shows the basic 
configurations for voltage-multi- 
plier circuits used as the high- 
voltage dc supply in television 
receivers. The battery shown in 
the circuit diagrams represents 
either the low-voltage dc supply 
in the television receiver or the 
average voltage on a capacitor 
connected to the ground side of 
the high-voltage transformer. In 
these circuit diagrams, m repre- 
sents the number of multiplier 
sections, and n represents the 
number of rectifier devices. 
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F/g. 281-Basic multiplier circuits: (a) with odd number of diodes; (b) with even number 

of diodes. 
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The three-diode multiplier shown 
in Fig. 282 is a practical example 
of the basic configuration shown 
in Fig. 281(a). This circuit pro- 
vides a dc output voltage that 
is slightly more than twice the 
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Fig. 282— Three-diode multiplier (TV volt- 
age doubler). (a) standard form; (b) same 
circuit redrawn to illustrate voltage rela- 
tionships. 

peak value of the input (retrace) 
voltage. (The dc voltage at the 
ground end of the high-voltage 
transformer is not shown in Fig. 
282 because this voltage is norm- 
ally very small in comparison to 
the dc output from the high-volt- 
age supply.) The three-diode mul- 
tiplier shown in Fig. 282, is es- 
sentially the same basic circuit 
as the voltage tripler shown in 
Fig. 278. However, because the 
negative excursion of the retrace 



voltage obtained from the high- 
voltage transformer is very small 
in comparison to the positive 
pulse, the three-diode circuit is 
normally referred to a voltage 
doubler when used in a television- 
receiver high-voltage supply. 

Fig. 283 shows a four-diode 
doubler circuit derived from the 
basic voltage-multiplier configura- 
tion shown in Fig. 281(b). This 
circuit is identical to the n-type 
voltage multiplier shown in Fig. 
278 for m=2. With a sive-wave 
input, this circuit would quad- 
ruple the input voltage. 

Figs. 284 and 285 show a volt- 
age tripler and a voltage quad- 
rupler that are typical of the types 
of voltage-multiplier circuits used 
in television receivers. These 
circuits "tap" the voltage across 
the capacitor in the lowest-volt- 
age section of the circuit to pro- 
vide a focus voltage for the pic- 
ture tube. In the circuit shown in 
Fig. 285, a resistor is included in 
series with one of the rectifiers 
so that the focus voltage more 
closely tracks the high-voltage 
output. 

The rectifiers used in the volt- 
age multipliers for television high- 
voltage supplies are specially de- 
signed, fast-recovery types that 
have closely matched charac- 
teristics so that the RC compen- 
sation is not required. The RC 
compensation used to achieve 
voltage equalization in high-volt- 
age rectifier stacks is explained 
and RCA fast-recovery rectifiers 
recommended for use in televi- 
sion high-voltage supplies are 
listed in the section on Silicon 
Rectifiers. 
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Fig. 284-Typical voltage ' triple/' circuit. 
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Fig. 285-Voltage-quadrupier circuit. 



Polyphase Rectifiers 

Modern power-distribution sys- 
tems transmit ac power over three 
wires with the voltage between 
any two wires in the system 120 
degrees out of phase with the 
voltage across the other two pair 
of wires. This arrangement is re- 
ferred to as a three-phase system. 

Power delivered to private 
homes normally consists of one 
phase of the three-phase system. 
Practically all industrial installa- 
tions use three-phase power. Di- 
rect current is required, however, 
for many of the processes and 
equipment used in industrial 
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plants; polyphase rectifier cir- 
cuits, therefore, are required. 
The configurations employed may 
include three-phase, six-phase, 
or twelve-phase circuits all of 
which are derived from the basic 
three-phase circuits. 

Three-Phase, Half-Wave, Delta- 
Wye Rectifier— Fig. 286 shows 
the basic configuration and out- 
put-voltage waveform for a three- 
phase, half-wave, delta-wye 
rectifier circuit. This circuit con- 
sists of three half- wave rectifiers, 
one for each of the three phases. 

Each rectifier carries current 
during the positive half-cycle of 
its particular phase of the applied 
ac input; current, therefore, flows 
for one-third of the time. The 
ripple frequency of the output 
is three times the frequency of 
the ac input so that filtering of the 
output is relatively easy. 

Three-Phase, Full-Wave, Delta- 
Wye Bridge Rectifier— Fig. 287 
shows the circuit diagram and 



output-voltage waveform for a 
three-phase, full-wave, delta-wye 
bridge rectifier. This circuit re- 
quires twice as many rectifiers as 
the half-wave circuit shown in 
Fig. 286; however, it also pro- 
vides twice the dc output voltage 
for the same transformer sec- 
ondary voltage. 

Three-Phase, Delta-Star (Six- 
Phase), Half- Wave Rectifier — In 
the rectifier circuit shown in Fig. 
288, the windings of the wye-type 
secondary are center-tapped to 
achieve the equivalent of six- 
phase operation. The voltage 
across each half of each winding 
of the "star-connected" sec- 
ondary is opposite in polarity to 
the voltage across the other half 
of the winding. In effect, there- 
fore, this system provides a total 
of six phases (one phase for each 
leg of the star.) Each rectifier 
conducts only during the time 
when its associated secondary 
winding is most positive, i.e., 60 
electrical degrees. 
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Fig. 286-Three-phase half-wave Delta-Wye circuit. 



274 



RCA Thyristor and Rectifier Manual 



-m„ 0,- 




OUTPUT 
VOLTAGE 



1 CYCLE 
(LINE FREQUENCY) 



LOAD 



w- CYCLE 



RECTIFIER 
CURRENT 



92CS-25B24 



Fig. 28/ '-Three-phase, full-wave, delta-wye bridge rectifier. 
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Fig. 288-Three-phase, delta-star (six-phase), half-wave rectifier. 



Three-Phase , Double- Wye (Six- 
Phase), Half- Wave Rectifier— The 

circuit shown in Fig. 289 also 
achieves the equivalent of six- 
phase operation from a three- 
phase ac supply. In this circuit, 
two half-wave three-phase recti- 
fiers are connected in parallel 
through a balance coil, i.e., an 
interphase reactor. The inter- 
phase coil reverses the polarities 
of the windings in one wye-type 



secondary with respect to the cor- 
responding windings in the other 
wye-type secondary to obtain a 
total of six phases. Because of 
the effect of the interphase coil, 
however, the voltage across the 
load is somewhat less than the 
peak values of the output voltage 
from each wye. In this circuit, 
each rectifier conducts during the 
time when its associated sec- 
ondary winding is the most posi- 
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Fig. 289-Three-phase, half-wave, double-wye and interphase transformer circuit. 



tive within the wye secondary, 
i.e., 120 electrical degrees. The 
output current is shared between 
the two wye secondaries. 

Rectifier Voltage and Current 
Ratios 

Table XVII lists voltage and 
current ratios for the basic recti- 
fier circuits shown in Figs. 273 
through 275 and in Figs. 286 
through 289. For most effective 
use of the rectifiers and power 
transformers, operation of the rec- 
tifier circuits into inductive loads, 
except for the single-phase half- 
wave type, is generally recom- 
mended. Current ratios given for 
inductive loads are applicable 
only when a filter choke (induct- 
ance) is used between the output 
of the rectifier and any capacitor 
in the filter circuit. The values 
shown neglect the vc 



in the power transformer, the sili- 
con rectifiers, and the filter com- 
ponents that occur when load cur- 
rent is drawn. When a specific 
type of rectifier has been selected 
for a specific circuit, the informa- 
tion given in Table XVII can be 
used to determine the parameters 
and characteristics of the circuit. 



FILTER NETWORKS 

In general, the output-voltage 
waveform of a dc power supply 
should be as flat as possible (i.e., 
should approach a pure dc). The 
objective, therefore, is a voltage 
waveform that has a peak-to- 
average ratio of unity. The output 
of a basic rectifier circuit, how- 
ever, is a series of positive or 
negative pulses rather than a pure 
dc voltage. The rectifier output 
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Table XVII 



Table XVII — Normalized Characteristics for Rectifier Circuits 
With Resistance and Choke-Input-Filtered LoadsA 



E = Transformer Secondary Voltage (rms) 

E av = Average DC Output Voltage 

E m = Peak Transformer Secondary Voltage 

E bmi = Peak Inverse Anode Voltage 

E, = Major Rippie Voltage (rms) 

F = Supply Frequency 

f r = Major Ripple Frequency 



l av = Average DC Output Current 

l b = Average Anode Current 

l p = Anode Current (rms) 

Ipm = Peak Anode Current 

P ap = Transformer Primary Volt-Amperes 

P as = Transformer Secondary Volt-Amperes 

P dc = DC Power = (E av x l av ) 



Voltage Ratios 



Half-Wave 



1-Phase 
Full-Wave 



1-Phase 
Bridge 



Half-Wave 



3-Phase 
FulM 



(Fig. 273) (Fig. 274) (Fig. 275) (Fig. 286) (Fig. 287) 



3-Phase 
Half-Wave 
Double- Wye 
withBal.Coil 
(Fig. 289) 





3.14 


1.57 


1.57 


1.21 


1.05 


1.05 


E/E av 


2.22 


1.11 


1.11 


0.854 


0.74 


0.854 




1.41 


2.83 


1.41 


2.45 


2.83 


2.45 


Ebmi ^ E av 


3.14 


3.14 


1.57 


2.09 


2.09 


2.09 


E r / E av 


1.11 


0.471 


0.471 


0.177 


0.040 


0.04 


Frequency Ratio 














■ f r /f 


1 


2 


2 


3 


6 


6 


Current Ratios 














■ l b / lav 


1 


0.5 


0.5 


0.333 


0.167 


0.167 


Resistive Load 














"p / lav 


1.57 


0.785 


0.785 


0.587 


0.409 


0.294 


'pm ' 'av 


3.14 


1.57 


1.57 


1.21 


1.05 


0.525 


'pm ' 'b 


3.14 


3.14 


3.14 


3.63 


6.3 


3.14 


Inductive Load" 














lp / lav 


* 


0.707 


0.707 


0.577 


0.408 


0.289 


Ipm / lav 


* 


1.00 


1.00 


1.00 


1.00 


0.5 



Notes: 

▲ Conditions assume sine-wave voltage supply; zero voltage drop across rectifiers when 

conducting; no losses in transformer or choke; output load is a pure resistance. 
° The use of a large filter-input choke is assumed. 

* Single-phase, half-wave, choke-input-filtered load has no practical significance; only a minute 

pulsating dc current will flow. 
■ These ratios also apply for the case of capacitor-input filtered load. 
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voltage with an alternating voltage 
superimposed on it. For most ap- 
plications, this alternating voltage 
(ripple) must be removed (filtered 
out), or the equipment in which 
the power supply is used will not 
operate properly. 

Types of Filters 

Filter networks are normally 
used with rectifier circuits to 
smooth out the ripple in the dc 
output. The types of configura- 
tions for such networks are as 
many and as varied as the rectifier 
circuits with which they are used. 
Regardless of the type of con- 
figuration used, however, the 
operation of the filter network 
is based upon the principle that 
a capacitor will not react to rapid 
changes in voltage, an inductance 
opposes any change in the magni- 
tude of the current through it, or 
a combination of these factors. 

Capacitance Filter — The sim- 
plest type of power-supply filter 
consists of a single capacitor in 
shunt with the load, as shown in 
Fig. 290. The capacitor charges 
and stores energy in its electric 
field when the voltage tends to 
rise above the average value and 
discharges to release this energy 
when current flows into the load 
and the voltage tends to decrease. 



The simple capacitor filter is 
used in low-current applications, 
such as high-voltage supplies for 
television receivers. This simple 
filter provides poor voltage regu- 
lation at high load currents, and 
even though some smoothing of 
the output voltage is achieved, 
as shown in Fig. 290, the ripple 
content, at best, is still greater 
than can be tolerated in many cir- 
cuits. Although the ripple content 
can be reduced and the regulation 
can be improved by use of a larger 
filter capacitor, the charging cur- 
rent may become excessive and 
cause damage to the rectifiers if 
the capacitor is made too large. 
Fig. 291 shows the effect of the 
filter capacitor on the current and 
voltage in a half-wave rectifier. 
As mentioned previously, exces- 
sive peak currents in the rectifiers 
may be avoided by insertion of a 
surge limiting resistor in series 
with the rectifiers. The use of 
surge limiting resistors, however, 
adversely affects the voltage regu- 
lation. 

Inductance Filter — Some de- 
gree of filtering is obtained when 
a single inductance is placed in 
series with the rectifier output, 
as shown in Fig. 292. The inductor 
opposes any change in the magni- 
tude of the load current. Energy 
is stored in the magnetic field of 
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. 291-Effect on Current and Voltage Waveshapes of Changing the Size of the Input- 
Filter Capacitor in a Half-Wave, Single-Phase Rectifier. 



the inductor when the current 
tends to increase, and this energy 
is released to maintain the current 
flow to the load when the current 
tends to decrease. The result is a 
substantial reduction in the magni- 
tude of the ripple voltage at the 
output of the filter. 

As shown in Fig. 292, the cur- 
rent through the inductor (and the 
voltage across the load) lag the 
rectifier output voltage (input to 
the filter) by 90 degrees. In addi- 



tion, the magnitude of the dc out- 
put voltage, however, does not 
decrease as rapidly with an in- 
crease in load current as that of 
the capacitor filter. 

Choke-Input Filter — Fig. 293 
shows a choke-input filter with a 
shunt capacitor output. At zero 
load current, the dc output volt- 
age of this filter is nearly equal 
to the peak value of the pulsating 
dc from the rectifier. For this 
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Fig. 292-Simple inductance filter. 
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condition, no voltage is dropped 
across the inductor, and the out- 
put capacitor can charge to the 
full peak value. As soon as load 
current is drawn, however, the dc 
output decreases to a lower value 
and is then maintained over a rela- 
tively wide range of load current. 



where R L is the load resistance 
presented to the power supply. 

In general, a choke-input filter 
is not used with a half-wave recti- 
fier because of the extremely low 
output voltage that would be ob- 
tained. 

The relationships given for the 



rvw\ 

PULSATING DC 
INPUT FROM 
RECTIFIER 



T 

'1 



LOAD < 
AND/OR < 
BLEEDER < 



RECTIFIER 
OUTPUT 
VOLTAGE 



L 



CURRENT 
THROUGH 
CHOKE 



DC 
OUTPUT 

i 



92CS-2I724 



Fig. 293 -Choke-input filter. 



Frequently, a bleeder resistor 
is connected across the output of 
the filter in order to assure that 
operation starts in the relatively 
constant portion of the voltage- 
regulation characteristic. The 
bleeder also prevents the develop- 
ment of high-voltage surges across 
the load when the equipment is 
first turned on. 

The inductance of the choke L 
shown in Fig. 293 must be above 
a certain critical value in order 
to maintain a continuous flow of 
load current. For operation in a 
60-Hz supply, the minimum value 
of the choke inductance can be 
approximated as follows: 

L = R L /1130 (75) 

For operation in a 50-Hz supply, 
the minimum value of choke in- 
ductance is given by 

L = R L /940 (76) 



minimum value of choke induct- 
ance indicate that, if the load 
current varies, the required value 
of inductance can vary over a 
wide range. At extremely low cur- 
rents, the load resistance R L be- 
comes very high, and the required 
value of choke inductance may be 
excessive in comparison to that 
required for good filtering at norm- 
al load currents. A bleeder re- 
sistor may be used to reduce the 
initial inductance required for the 
filter choke. If the load current 
varies over a very wide range, a 
"swinging" choke may be used. 
This type of choke has a smaller 
air gap than that required to main- 
tain a constant inductance at all 
loads. The inductance of the 
swinging choke will be high at low 
load currents and will decrease as 
load current increases. 

Capacitor-Input Filter — The 

smoothing actions of capacitors 
and inductors can be combined as 
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shown in Fig. 294. In such a filter, 
the capacitors charge and dis- 
charge as required to prevent any 
significant change in voltage, and 
the magnetic field of the inductor 
stores or releases energy as re- 
quired in an effort to prevent 
changes in the magnitude of the 
load current. 

For low load currents, the dc 
output voltage from the filter 
shown in Fig. 294 is approxi- 
mately equal to the peak value 
of the pulsating dc input. As the 



PULSATING DC 
INPUT FROM 
RECTIFIER 

load current increases, the capaci- 
tors are unable to maintain this 
peak value, and the output voltage 
decrease rapidly. A bleeder resis- 
tor should always be connected 
across the output of the capacitor 
input filter. This resistor improves 
the voltage regulation and also 
provides a discharge path for the 
capacitors when the equipment is 
turned off. 

Resistance-Capacitance Filter — 

If load-current requirements are 
small, the inductance in the filter 



circuit shown in Fig. 294 can be 
replaced by a resistor. The result- 
ant resistance-capacitance filter is 
shown in Fig. 295. The series 
resistor in the filter offers the 
same impedance to both the dc 
and the ripple components of the 
rectifier output. The effectiveness 
of the resistor, therefore, is limit- 
ed, and some ripple will always 
be present in the dc output. The 
low cost of the resistor in com- 
parison to an inductor tends to 
favor its use in applications, such 
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as ac-dc receivers, in which cost 
is a major consideration. 

The value of the input capaci- 
tor Ci in the resistance-capaci- 
tance filter should be sufficiently 
large so that its impedance to the 
ripple-frequency component is 
very low in comparison to the dc 
resistance of resistor R. In some 
applications, the value of resistoi 
R may be restricted to only 10 to 
20 ohms in order to minimize the 
dc voltage drop. In such cases, 
the capacitance of Ci may be 
selected to provide about the 
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Fig. 294 -Capacitor-input LC filter. 
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Fig. 295-Resistance-capacitance filter. 
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same impedance to the ripple- 
frequency component as that pro- 
vided by resistor R. The value of 
the output capacitor C2 is then 
chosen to produce the required 
degree of filtering of the output 
voltage. The ripple-reduction fac- 
tor across the load («) is expressed 
by the following equation: 

oc = E R /E R1 = 2 RC2 + 1 (77) 

where E R is the ripple voltage 
at the input to the filter and E R1 is 
the ripple voltage at the output of 
the filter. 

The ripple-reduction factor may 
be read directly from the curves 
shown in Fig. 296. If several re- 
sistance-capacitance filter sec- 
tions are connected in series, the 
total reduction factor is approxi- 
mately equal to the product of the 
reduction factors of the individual 
sections. 
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Fig. 296-Curve for determining the value 
of = EolE R i of a resistance-capacitance 
type single section filter for frequencies of 
50, 60, 100 and 1200 Hz. This curve is 
based on the jormula K E R IE R , = u>CR + 1 . 



Combined LC Filters — Any of 

the filter networks described in 
the preceding paragraphs may be 
connected in cascade to obtain 
better filtering and improved volt- 
age regulation. For example, the 
filter networks shown in Figs. 293 
and 294 are often combined. The 
resultant filter network is shown 
in Fig. 297. This network may be 
considered as two choke-input 
filters in cascade. 

In the design of an LC filter, 
the filter network is normally as- 
sumed to consist of a series in- 
ductance and a shunt capacitance. 
For a capacitor-input filter, such 
as that shown in Fig. 294, the in- 
put capacitor is considered to be 
part of the rectifier output rather 
than part of the filter. Conse- 
quently, for this design ap- 
proach, the sections of a capaci- 
tor-input LC filter and a choke- 
input filter become identical. The 
rectifier output voltage and the 
ripple voltage applied to the series 
inductance of the capacitor-input 
filter (i.e., the voltage across the 
input filter capacitor) can be ob- 
tained directly from the Design 
Curves shown subsequently in the 
discussion of Capacitive-Load 
Circuits. 

The fractional reduction in the 
ripple voltage provided by a 
choke-input filter of n identical 
sections can be determined from 
the following relationship: 

« = E R /E R1 = (4 YLC - l) n 

(78) 

where E R is the ripple voltage at 
the input to the filter, E R1 is the 
ripple voltage at the output of the 
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Fig. 297-Combined choke-input and capacitor-input LC fdter. 



filter, f is the fundamental ripple 
frequency, LC is the inductance- 
capacitance product of one filter 
section, and n is the number of 
identical filter sections. 

If the filter sections are not 
identical, the ripple-reduction 
factor <x should be calculated sep- 
arately for each section. (For 
these calculations, n is equal to 
unity.) The ripple-reduction factor 
for the over-all filter is then equal 
to the product of the individual 
factors for each section. 



Surge-Limiting Resistance — 

Fig. 298 shows typical half-wave 
and voltage-doubling rectifier cir- 
cuits that use capacitive loads. 
In such circuits, the low forward 
voltage drop of the silicon recti- 
fiers may result in a very high 
surge of current when the capaci- 
tive load is first energized. Al- 
though the generator or source im- 
pedance may be high enough to 
protect the rectifier, additional re- 
sistance must be added in some 
The sum of this resistance 



Capacitive-Load Circuits 

When rectifiers are used in cir- 
cuits with capacitive loads, the 
rectifier current waveforms may 
deviate considerably from their 
true sinusoidal shape. This devia- 
tion is most evident for the peak- 
to- average-current ratio, which is 
somewhat higher than that for a 
resistive load. For this reason, 
capacitive-rating calculations are 
generally more complicated and 
time-consuming than those for re- 
sistive-load rectifier circuits. 
However, the simplified rating 
system described below allows the 
designer to calculate the charac- 
teristics of capacitive-load recti- 
fier circuits quickly and accur- 
ately. 
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Fig. 298-Typical rectifier circuits using 
capacitive loads: (a) half-wave rectifier 
circuit; (b) voltage doubter. 
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plus the source resistance is re- 
ferred to as the total limiting 
resistance R s . The magnitude of 
R s required for protection of the 
rectifier may be calculated from 
surge rating charts such as those 
shown in Figs. 299 and 300. Each 
point of these curves defines a 
surge rating by indicating the 
maximum time for which the de- 
vice can safely carry a specific 
value of rms current. 

With a capacitive load, maxi- 
mum surge current occurs if the 
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Fig. 299-Universal surge rating charts for 
RCA rectifiers. 
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Fig. 300-Typical coordination chart for 
determination of fusing requirements: 
Curve A-surge rating for 20-ampere recti- 
fier; Curve B-expected surge current in 
half-wave circuit; Curve C-opening char- 
acteristics of protective device; Curve D- 
resulting surge current in modified circuit. 



circuit is switched on when the 
input voltage is near its peak 
value. When the time constant 
R S C of the surge loop is much 
smaller than the period of the in- 
put voltage, the peak current I peak 
is equal to the peak voltage E peak 
divided by the limiting resistance 
R s , and the resulting surge ap- 
proximates an exponentially de- 
caying current with the time con- 
stant R S C. 

Surge-current ratings for recti- 
fiers are often given in terms of 
the rms value of the surge current 
and the time duration t of the 
surge. For rating purposes, the 
surge duration t is defined by the 
time constant R S C. The rms surge 
current 1^ is then approximated 
by the following equations: 

I rms = 0.7 (E peak C/R s C) 

= °- 7 (79) 

and 

I rms t = 0.7 E peak C (80) 
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where E peak and C are the values 
specified by the circuit design. 
This equation may then be plotted 
on the surge-rating chart, which 
has axes labeled I rms and t. Be- 
cause R S C is equal to t, any given 
value of R s defines a specific time 
t, and hence a specific point on the 
plot of the equation for I^t. How- 
ever, R s must be large enough 
to make this point fall below the 
rating curve for the rectifier used. 

The following example illus- 
trates the use of this simplified 
procedure for the half-wave recti- 
fier circuit shown in Fig. 298(a), 
which has a frequency f of 60 
Hz and a peak input voltage E peak 
of 4950 volts. The values shown 
for E peak and C are substituted in 
the equation for I^t as follows: 

I ms t = 0.7 (4950) (2.5 x IO" 6 ) 
= 0.0086 

When this value is plotted on the 
surge-rating chart of Fig. 301 , the 
resulting line intersects the recti- 
fier rating curve at 3.3 x 10" 4 sec- 
ond. The minimum limiting resis- 
tance which affords adequate 
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Fig. 301-Surge rating chart for a stack 
rectifier. 
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surge protection is then calculated 
as follows: 

R S C 3.3 x IO" 4 

Rs ^ 33 x 10 4 = 132 ohms 
2.5 x 10" 6 

Therefore the value of 150 ohms 
shown for R s in Fig. 298(a). pro- 
vides adequate surge-current pro- 
tection for the rectifier. 

Design Curves — The design of 
rectifier circuits having capacitive 
loads often requires the determin- 
ation of rectifier current wave- 
forms in terms of average, rms, 
and peak currents. These wave- 
forms are needed for calculation 
of circuit parameters, selection of 
components, and matching of cir- 
cuit parameters with rectifier 
ratings. Although actual calcula- 
tion of rectifier current is a rather 
lengthy process, the current-rela- 
tionship charts shown in Figs. 302 
and 303 can be used to determine 
peak or rms current if the average 
current is known, or vice versa. 

The ratios of peak-to-average 
current (I pea k/Iav) an d rms-to-aver- 
age current (I rms /I av ) are shown in 
Fig. 302 as functions of the cir- 
cuit constants nwCR L and R s /nR L . 
The quantity wCR L is the ratio of 
resistive-to-capacitive reactance 
in the load, and the quantity R S /R L 
is the ratio of the limiting resis- 
tance to the load resistance. The 
factor n, referred to as the "charge 
factor," is simply a multiplier 
which allows the chart to be used 
for various circuit configurations. 
The value of n is equal to unity 
for half-wave circuits, to 0.5 for 
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Fig. 302-Relationship of peak, average, and rms rectifier currents in capacitor-input 

circuits. 



doubler circuits, and to 2 for full- 
wave circuits. (These values actu- 
ally represent the relative quantity 
of charge delivered to the capaci- 
tor on each cycle.) 

In many silicon rectifier cir- 
cuits, R s may be neglected when 
compared with the magnitude of 
R L . In such circuits, the calcula- 
tion of rectifier circuits is simpli- 
fied by use of Fig. 303, which 
gives current ratios under the lim- 
itation that R S /R L approaches zero. 
Even if this condition is not fully 
satisfied, the use of Fig. 303 
merely indicates a higher peak 
and higher rms current than will 
actually flow in the circuit, i.e., 
the rectifiers will operate more 
conservatively than calculated. 
As a result, this simplified solu- 
tion can be used whenever a rough 



approximation or a quick check 
is needed on whether a particular 
rectifier will fit a specific appli- 
cation. When more exact informa- 
tion is needed, the chart of Fig. 
302 should be used. 

Average output voltage E av is 
another important quantity in ca- 
pacitor-input rectifier circuits be- 
cause it can be used to determine 
average output current I av . The 
relationships between input and 
output voltages for half- wave, 
voltage-doubler, and full-wave cir- 
cuits are shown in Figs. 304 , 305, 
and 306, respectively. Fig. 307 
shows curves of output ripple volt- 
age (as a percentage of E av ) for 
all three types of circuits. 

The following example illus- 
trates the use of these curves in 
rectifier-current calculations. 
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Both exact and approximate 
solutions are given. For the 
half- wave circuit of Fig. 299(a), 
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Fig. 304-Relationship of applied ac peak 
voltage to dc output voltage in half-wave 
capacitor-input circuit. 



the resistive-to-capacitive re- 
actance wCR L is given by 

wCR L = 2tt x 60 x 2.5 x 10" 6 
= x 200,000 
= 189 

For an exact solution using Fig. 
302, the ratio of R s to R L is first 
calculated as follows: 

Rs__ 150 

R7" 200,000 - °- 075 (83) 

The values for wCR L and R S /R L 
are then plotted in Fig. 304 to de- 
termine the average output volt- 
age E av and the average output 
current I av as follows: 

E av /E peak = 98 per cent 

E av = 0.98 x 4950 = 4850 volts 

lav = E av /R L 

I av = 4850 volts/200,000 ohms 
= 24.2 milliamperes 

(84) 
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Fig. 305 -Relationship of applied ac peak 
voltage to dc output voltage in capacitor- 
input voltage-doubler circuit. 



This value of I av is then substi- 
tuted in the ratio of I rms /I av ob- 
tained from Fig. 302, and the 
exact value of rms current I rms in 
the rectifier is determined as fol- 
lows: 



I rms /Iav = 4.4 



I_ = 4.4 x 24.2 



= 107 milliamperes 



(85) 



For a simplified solution using 
Fig. 303, it is assumed that the 
average output current I av is ap- 
proximately equal to the peak in- 
put voltage E peak divided by the 
load resistance R L , as follows: 
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Fig. 306-Relationship of applied ac peak voltage to dc output voltage in full-wave 

capacitor-input circuit. 
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lav - E peak /R L 

I av = 4950/200,000 

= 24.7 milliamperes 

(86) 

This value of I av is then substi- 
tuted in the ratio of I rms /I av ob- 
tained from Fig. 303, and the 
approximate rms current is de- 
termined, as follows: 

UAv = 5.7 

I ms = 5.7 x 24.7 

= 141 milliamperes (87) 



Current-versus-temperature rat- 
ings for rectifiers are usually 
given in terms of average current 
for a resistive load with 60-Hz 
sinusoidal input voltage. When the 
ratio of peak-to-average current 
becomes higher (as with capaci- 
tive loads), however, junction 
heating effects become more and 
more dependent on rms current 
rather than average current. 
Therefore, capacitive-load ratings 

should be obtained from a curve 
of rms current as a function of 
temperature. Because the ratio of 
rms-to-average current for the 
rated service is 1.57 (as shown by 
Inns/lav at low coCR in Figs. 302 
and 303), the current axis of the 
average-current rating curves for 
a sinusoidal source and resistive 
load can be multiplied by 1.57 to 
convert the curves to rms rating 
curves. Fig. 308 shows an ex- 
ample of this conversion for RCA 
stack-rectifier rating curves. 



REGULATED DC POWER 
SUPPLffiS USING THYRISTOR 
PASS ELEMENTS 

The regulation of the output 
voltage of a dc power supply is 
usually accomplished by some 
type of feedback circuit that 
senses any change in the dc out- 
put voltage and develops a control 
signal to cancel this change. As 
a result, the power-supply output 
voltage is maintained essentially 
constant. The nature of the control 
exercised by the feedback circuit 
(regulator) is determined by the 
mode of operation of the pass ele- 
ment and whether the pass ele- 
ment is connected in series or in 
shunt with the load. The regula- 
tor circuit compares the dc output 
voltage from the power supply 
with a reference voltage and de- 
velops a difference (error) signal 
that is amplified and fed back to 
the pass element. In response to 
the feedback error signal, the 
conduction of the pass element is 
varied as required to regulate the 
dc output voltage. A basic block 
diagram of a regulated dc power 
supply that uses a thyristor as 
the main regulating element was 
shown earlier in this section, in 
Fig. 272. In this type of applica- 
tion, the thyristor, which is oper- 
ated as a phase-controlled device, 
is switched at the line frequency, 
and its conduction angle is varied 
to control the level of the dc 
output voltage. 

Fig. 309 shows the circuit con- 
figuration for a regulated dc power 
supply that uses an SCR as a 
series pass element. This type of 
circuit is designed to provide ap- 
proximately 125 volts, regulated 
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Fig. 307-RMS ripple voltage in capacitor-input circuits. 
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Fig. 308-Current-temperature ratings for silicon stack rectifiers. 
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Fig. 309SCR regulated power supply. 



to ±3 per cent for both line and 
load. Ripple is less than 0.5 per 
cent rms. 

The power supply is basically a 
half-wave phase-controlled recti- 
fier. The 5-microfarad capacitor 
between the cathode and gate of 
the SCR charges up during half of 
each cycle and is discharged by 
the firing of the SCR. The firing 
angle of the SCR is advanced or 
retarded by the charging current 
flowing into the capacitor. Some 
of the current which would norm- 
ally charge this capacitor is 
shunted by the collector of the 
RCA-2N3585 control transistor. 
As the current in the control trans- 
istor increases, current is shunted 
around the capacitor, through the 
ballast lamp, so that the capaci- 
tor charging time is increased. 
As a result, the firing angle of 
the SCR is retarded, and a lower 
output voltage results. 

The controlling voltage on the 
control transistor is derived from 
both the dc output and from the 
line voltage in such a manner as 



to provide load and line regula- 
tion respectively. The voltage- 
dependent resistor (VDR 2 ) in the 
base circuit of the control transis- 
tor decreases resistance for an in- 
crease in line voltage and thus 
increases base current (and col- 
lector current) as line voltage is 
increased. In addition, the ballast 
lamp exhibits an increase in re- 
sistance with increasing line volt- 
age, and, thus, tends to retard the 
firing angle of the SCR. Changes 
in dc output voltage that result 
from variations in load current are 
fed back to the base of the control 
transistor by a voltage divider at 
the input to the filter in the proper 
polarity to adjust collector current 
in a direction to compensate for 
changes in dc output voltage. 

Fig . 3 1 shows a 600-milliamp ere 
power supply circuit that uses an 
SCR for regulation purposes. This 
circuit provides 125 volts dc with 
essentially the same regulation 
characteristics as the circuit of 
Fig. 309. In addition, this power 
supply provides 220 volts that is 
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unregulated for either line or load 
variations. A conventional bridge 
rectifier supplies unregulated dc 
to the regulator circuit, and a sec- 
ond bridge rectifier provides 120 
volts unregulated voltage which is 
then added to the output of the 
regulated supply to provide 220 
volts. 

An isolation transformer (or a 
polarized line plug) should be 
used to supply the rectifiers in 
the power-supply circuit. Other- 
wise, if the chassis ground be- 
comes connected to earth ground, 
which is one side of the ac line, 
a portion of the bridge will be 
shorted out. 



The regulator portion of the cir- 
cuit shown in Fig. 310 is similar 
to that of the circuit shown in 
Fig. 309, except that no ballast 
lamp is used. Transistor Qi gov- 
erns the conduction angle of the 
SCR to provide regulation against 
line voltage changes, and transis- 
tor Q2 provides regulation against 
changes in output voltage because 
of load-current variations. 

Triacs can also be used in 
power-supply voltage-regulator 
applications. A low- voltage line- 
regulated dc power supply that 
uses a triac as the main regula- 
ting element is described in the 
section entitled AC Voltage Regu- 
lator. 




Fig. 3I0SCR Power Supply Circuit 
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Thyristors are used in a basic 
ac-voltage regulating circuit that 
prevents ac rms or dc voltage 
from fluctuating more than ±3 
per cent in spite of wide varia- 
tions in input line voltage. Load 
voltage can also be held within 
±3 per cent of a desired value 
despite variations in load imped- 
ance through the use of a voltage- 
feedback technique. The voltage 
regulator can be used in photo- 
copying machines, light dimmers, 
dc power supplies, and motor con- 
trollers (to maintain fixed speed 
under fixed load conditions). 

CIRCUIT OPERATION 

The basic configuration of the 
ac regulator is shown in Fig. 311. 



For simplicity, only a half-wave 
SCR configuration is shown; how- 
ever, the explanation of circuit 
operation is easily extended to in- 
clude a full-wave regulator that 
uses a triac. 

Thyristor Triggering 

The RCA-D3202U diac used as 
the trigger device in Fig. 311, ex- 
hibits a high-impedance, low-leak- 
age-current characteristic until the 
applied voltage reaches the break- 
over voltage V BO , approximately 
35 volts. Above this voltage, the 
device exhibits a negative resis- 
tance so that voltage decreases as 
current increases. 

Capacitor Ci in Fig. 311 is 
charged from a constant-voltage 




Fig. 311-Basic ac regulator. 
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source established by zener diode 
Zi. The capacitor is charged, 
therefore, at an exponential rate 
regardless of line-voltage fluctua- 
tions. A trigger pulse is delivered 
to the S2800B SCR when the volt- 
age across capacitor Ci is equal to 
the trigger voltage of the diac plus 
the instantaneous voltage drop 
developed across resistor R4 dur- 
ing the positive half-cycle of line 
voltage. When the diac is turned 
on, the SCR is turned on for the 
remainder of the positive cycle of 
source voltage. Control of the 
conduction angle of the SCR regu- 
lates the rms voltage to the load. 

Regulation Technique 

Regulation is achieved by the 
following means: When line volt- 
age increases, the voltage across 
R4 increases, but the charging rate 



of Ci remains the same; as a re- 
sult, the voltage across Ci must 
attain a larger value than required 
without line-voltage increase be- 
fore the diac can be triggered. The 
net effect is that the pulse that 
triggers the SCR is delayed, and 
the rms voltage to the load is re- 
duced. In a similar manner, as line 
voltage is reduced, the SCR turns 
on earlier in the cycle and in- 
creases the effective voltage 
across the load. 

Voltage Waveforms 

Fig. 312 shows the voltage 
waveforms exhibited by the ac 
regulator at both high and low 
line voltage. The charging volt- 
age, Ei, for capacitor Ci is equal 
to the zener voltage and remains 
constant up to the instant that the 
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Fig. 312-Voltage waveforms exhibited by the ac regulator in Fig. 311 . 
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SCR is turned on. The capacitor 
voltage, V C1 , increases exponen- 
tially because the charging volt- 
age Ei is constant. The voltage 
across resistor R4 conforms to the 
sinusoidal variations of the 60-Hz 
line voltage. At any given phase 
angle, the voltage across R4 in- 
creases if line voltage increases 
and decreases if line voltage de- 
creases. 

The diac and SCR both trigger 
when the capacitor voltage, V C1 , 
equals the breakover voltage of 
the diac plus the instantaneous 
value of voltage developed across 
R4 during the positive half-cycle 
of line voltage. This capacitor 
voltage is represented by points 
A and B for the low and high line- 
voltage conditions, respectively. 
The instantaneous voltages across 
resistor R4 just before the SCR 
is triggered are represented by 
points C and D for the low and 
high line-voltage conditions, re- 
spectively. The voltage difference 
between points A and C and be- 
tween points B and D is equal to 
the breakdown voltage of the 
diac. 

Fig. 312 illustrates that the con- 
duction time of the SCR is de- 
creased as line voltage increases, 
and is increased when the line 
voltage decreases. By proper 
selection of the values of the volt- 
age-divider-ratio resistors R3 and 
R4, it is possible to prevent the 
load voltage from varying more 
than 3 per cent with a 30-per-cent 
(approximate) change in line 
voltage. 

It should be mentioned that 
during measurements of load 
voltage careful consideration 



must be given to the measuring 
instruments. Many circuits pro- 
duce a non-sinusoidal voltage 
across the load; the rms value of 
this voltage can be measured only 
with a true rms meter, such as 
a thermocouple meter. It is pos- 
sible, however, that in certain 
applications the low input im- 
pedance of the thermocouple 
meter might load down the circuit 
being measured. In such cases, a 
high-input-impedance rms meter 
may be required. 

HEATER-VOLTAGE 
REGULATOR 

Fig. 313 shows a basic regulat- 
ing technique for applications in 
which it is desired to maintain 
constant voltage across a load 
such as a receiving-tube heater, 
the filament of an incandescent 
lamp, or possibly a space heater. 
It should be noted that this con- 
figuration is actually a half-wave 
regulator. However, the circuit of 
Fig. 313 differs from the circuit of 
Fig. 311, in which one half-cycle 
is blocked from the load and the 
other half-cycle is phase-con- 
trolled to provide regulation. In 
Fig. 313, essentially full voltage 
is applied to the load for one half- 
cycle by means of D 120 IB silicon 
rectifier D4; the other half-cycle 
is phase-controlled by the S2800B 
SCR to provide regulation. 

Circuit Description 

The circuit in Fig. 313 is an 
open-loop regulator that features 
a high degree of safety; i.e., an 
open- or short-circuited com- 
ponent does not result in an ex- 



AC Voltage Regulator 



295 




* IN THE CLOSED-LOOP REGULATOR, Rg IS REPLACED BY A 
PHOTOCELL, AND A POTENTIOMETER 
IN SERIES WITH A 6-VOLT INCANDESCENT LAMP IS 
CONNECTED IN PARALLEL WITH THE HEATER TERMINALS 
NOTE: ALL RESISTOR VALUES ARE IN OHMS 

92CS- 21759 

Fig. 313-A circuit using a regulator to maintain voltage constant across a load. 



cessive load voltage. Phase-con- 
trolled voltage regulation is pro- 
vided by a silicon unilateral 
switch* and a control circuit, as 
follows: Capacitor C2 is charged 
from a voltage source that is 
maintained constant by zener 
diode Zi; the silicon rectifiers 
Di, D2, and D3 compensate for 
the change in zener voltage with 
temperature. The voltage across 
C2 increases until the sum of the 
breakover voltage of Qi and the 
instantaneous voltage across Rs 
is exceeded. At this point, a posi- 
tive pulse is coupled into the gate 



* A silicon unilateral switch is a silicon, 
planar, monolithic integrated circuit that 
has thyristor electrical characteristics 
closely approximating those of an ideal 
four-layer diode. The device shown 
switches at approximately 8 volts. 



of the SCR by means of the pulse 
transformer Ti. The SCR then 
switches on for the remainder of 
the positive cycle of line voltage. 
Control of the conduction angle of 
the SCR varies the rms voltage to 
the heater. 

As line voltage increases, the 
voltage across resistor R5 also in- 
creases; because capacitor C2 
charges along the same exponen- 
tial curve, however, the voltage 
across C2 must attain a larger 
value before the SCR is turned on. 
The net effect is a delay in the 
trigger pulse and reduced rms 
voltage across the heater. In a 
similar manner, as line voltage is 
reduced, the SCR turns on earlier 
in the cycle and increases the ef- 
fective voltage across the heater. 
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92CS-2I760 

Fig. 314-Voltage waveforms exhibited by the circuit of Fig. 313. 



By proper adjustment of potenti- 
ometer Re in conjunction with po- 
tentiometer R4, it is possible to 
obtain excellent heater- voltage 
compensation over a range of line 
voltages. Fig. 314 shows the 
waveforms associated with the 
heater-regulator circuit. 

Performance Characteristics 

Curve A in Fig. 315 shows 
heater voltage as a function of 
line voltage for the open-loop reg- 
ulator circuit shown in Fig. 313. 
Curve B in Fig. 315 shows a simi- 
lar curve for a closed-loop regu- 



lator using a lamp-photocell mod- 
ule. The lamp, in series with a 
limiting resistor, is connected 
across the heater terminals, and 
the photocell replaces potentiom- 
eter Re. The lamp unit senses the 
phase-controlled true rms heater 
voltage. Changes in lamp bright- 
ness produced by heater-voltage 
variations change the photocell 
resistance in reverse proportion to 
the lamp voltage. The remainder 
of the circuit functions as pre- 
viously described except that reg- 
ulation is obtained not only 
through the monitoring of the in- 
stantaneous magnitude of line 
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CURVE A '■ OPEN - LOOP REGULATION 
CURVE B'- CLOSED-LOOP REGULATION 
READINGS TAKEN AT 25°C 
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LINE VOLTAGE- Vrms 

MCS- 21761 

Fig. 315-Heater voltage as a function of line voltage of the open- and closed-loop 

regulators. 



voltage, but also through the sens- 
ing of the true rms voltage across 
the heater. This characteristic 
identifies the circuit as an ac volt- 
age regulator with closed-loop 
feedback control. The closed-loop 
regulator produces less error, is 
more resistant to the drift effects 
of components, and is easier to 
adjust than the open-loop regula- 
tor. 

The lamp used in the closed- 
loop regulator is rated at 6 volts, 
but the series resistor limits the 
voltage to approximately 2 volts 
so that extremely long lamp life 
can be expected. An additional 
advantage at low voltage is that 
the light intensity varies linearly 
with the voltage across the lamp 
so that a small increase in voltage 
increases brightness markedly; 
near rated voltage the intensity 
does not vary linearly and the var- 
iation in brightness is not very 
apparent. A loss in sensitivity 
would result if the lamp were 
operated at its rated voltage. 

The open-loop regulator can 
regulate 6 volts to within ±3 per 



cent within a temperature range 
from 10 to 40°C with an input- 
voltage swing of ±10 per cent. 
The closed-loop regulator can reg- 
ulate 6 volts to within ±2 per cent 
within a temperature range from 
to 60°C with an input-voltage 
swing of ± 10 per cent. 

LINE-VOLTAGE-REGULATED 
DC POWER SUPPLY 

A simple but stable dc power 
supply that uses thyristors for 
line-voltage regulation is shown in 
Fig. 316. The power supply is 
intended for use with a constant 
load; consequently, no provisions 
are included for regulation of the 
dc output voltage against varia- 
tions in load current. The power- 
supply section consists of the 
well-known full-wave bridge with 
RC filter. A line-voltage trans- 
former is employed to step down 
the supply voltage of 120 volts 
rms to approximately 12.5 volts 
rms. If a dc output voltage greater 
than 10 volts is desired, a trans- 
former with a lower primary-to- 
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NOTE-ALL RESISTOR VALUES ARE IN OHMS 

Fig. 3I6-A voltage-regulated dc supply. 
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secondary turns ratio should be 
employed. 

The heart of the regulator 
shown in Fig. 316 is the phase- 
controlled triac on the primary 
side of the line transformer. Be- 
cause the load presented to the 
triac is somewhat inductive, an 



RC network is used to assure 
proper commutation; L F and C F 
suppress rf interference. The cir- 
cuit automatically compensates 
for wide variations in line volt- 
age. Fig. 317 shows a curve of 
line voltage as a function of load 
voltage, E dc , for a constant load 



6.2 




100 110 120 

LINE VOLTAGE -Vrms 
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Fig. 317 -Load voltage as a function of line voltage for the circuit of Fig. 316; load 
resistance is constant at 10 ohms. 
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of 10 ohms. Fig. 318 shows the 
voltage waveforms associated 
with the circuit of Fig. 316. 

If increased line, temperature, 
and load compensation are desired 
in the regulated supply of Fig. 
316, closed-loop control can be 
obtained by use of a photocell in 
place of potentiometer R F and 
connection of a lamp across the 
output of the supply in such a way 
that the light from the lamp can 
impinge on the photocell surface. 

During the beginning of each 
half-cycle of the input ac voltage, 
the triac is in the off state. The 
full line voltage, therefore, ap- 
pears across the main terminals of 
this device, and no voltage ap- 
pears across transformer Ti. The 
full line voltage is also impressed 
across the network in parallel with 



the triac. The back-to-back series- 
connected zener diodes D7 and Da 
conduct when the ac line voltage 
rises to 12 volts in either direc- 
tion. These zener diodes maintain 
the junction of resistors R3 and R4 
at 12 volts, and capacitor C2 
charges toward this voltage. 

The voltage on capacitor C2 is 
applied to terminal A2 of the sili- 
con bilateral switch. Simul- 
taneously, a portion of the ac 
line voltage is applied to terminal 
Ai of the bilateral switch. When 
the potential difference between 
terminals Ai and A2 reaches the 
firing potential of the bilateral 
switch, this device conducts and 
produces a pulse of current at the 
gate of the triac. This gate current 
pulse triggers the triac into con- 
duction. The phase angle at which 
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Fig. 318-Voltage waveforms exhibited by the circuit of Fig. 316. 
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the triac is triggered into conduc- 
tion is advanced or retarded by 
varying the time required for the 
capacitor to charge sufficiently to 



increase the potential difference 
between terminal Ai and A2 to the 
value required to fire the bilateral 
switch. 



SCR Inverters and 
Converters 



In many applications, the opti- 
mum value of voltage is not avail- 
able from the primary power 
source. In such instances, dc-to- 
dc converters or dc-to-ac inver- 
ters may be used to provide the 
desired value of voltage. The 
' 'boost' ' regulator circuit describ- 
ed in the subsequent section on 
SCR Horizontal Deflection 
Systems is one example of a 
dc-to-dc converter used to con- 
vert a given value of dc voltage 
to a higher, more optimum value 
for a specific application. 

An inverter is used to transform 
dc power to ac power. If the ac 
output is rectified and filtered to 
provide dc again, the overall cir- 
cuit is referred to as a converter. 
The purpose of the converter 
then, is to change the magnitude 
of the available dc voltage. 

Power-conversion circuits, both 
inverters and converters, consist 
basically of some type of "chop- 
per". Fig. 319(a) shows a simple 
chopper circuit. In this circuit, 
a switch S is connected between 
the load and a dc voltage source 
E. If the switch is alternately 



closed and opened, the output 
voltage across the load will be 
as shown in Fig. 319(b). If the 
on-off intervals are equal, the 
average voltage across the load 
is equal to E/2. The average volt- 
age across the load can be varied 
by varying the ratio of the on-to- 
off time of the switch, by period- 
ically varying the repetition rate, 
or by a combination of these fac- 
tors. If a filter is added between 
the switch and the load, the fluct- 
uations in the output can be sup- 
pressed, and the circuit becomes a 
true dc-to-dc stepdown trans- 
former (or converter). 




OUTPUT 

92CS-2625I 

Fig. 319Simple chopper circuit and out- 
put-voltage waveform. 
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The chopper circuit can easily 
be used to provide an average 
voltage to the load which is less 
than the supply voltage, but 
another technique is required to 
"step-up" the voltage. The basic 
arrangement used to obtain volt- 
ages higher than the supply volt- 
age is shown in Fig. 320. 



RECTIFIER ADDED 
S IF DC REQUIRED 




(a) 



lb) 

92CS- 21743 

Fig. 320-Simple chopper circuit (inverter) 
transformer coupled to load and voltage 
waveform across secondary of output 
transformer. 



In the circuit shown in Fig. 320, 
the peak voltage across the trans- 
former secondary, except for a 
transient which occurs at the 
opening and closing of the switch, 
is given by 

E s = E(N 2 /N0 (88) 

The average voltage is given by 

E L = (E s ) [on time/(on time + off time)] 
= E(N2/Ni) [on time/(on time + off 
time)] (89) 

Because of the inductance of 
the transformer winding, a trans- 
ient voltage is generated at each 
opening and closing of the switch. 
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The spikes in the output wave- 
form shown in Fig. 320(b) result 
because the inductance of the 
transformer winding opposes both 
the sudden increase in current 
when the switch is closed and the 
sudden decrease in current when 
the switch is opened. In practice, 
the switch cannot open or close in 
zero time, but it is possible to 
generate transient voltages which 
are considerably higher in magni- 
tude than the supply voltage. 

The transient voltage generated 
by the rapidly changing current 
in the transformer winding can be 
reduced by connection of a "free- 
wheeling" diode across the trans- 
former primary, as shown in Fig. 
321. When the switch is opened 
and a high transient voltage tends 
to develop across the winding, the 
free-wheeling diode becomes for- 
ward-biased, and the energy 
stored in the magnetic field of 
the transformer is dissipated by 
current flow through the diode. 




LOAD 
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Fig. 321Simple inverter circuit with a 
free-wheeling diode added to reduce trans- 
ient voltages. 

In practice, the switch shown in 
Figs. 319 through 321 may be re- 
placed by a silicon controlled 
rectifier (SCR). The SCR switch 
can easily be closed by applica- 
tion of a positive pulse to its 
gate. Once conduction has been 
initiated, however, the gate loses 
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control, and some means must be 
provided to stop conduction and 
open the switch. 

COMMUTATION OF 
INVERTERS SCR 'S 

Circuits that are used to turn 
off an SCR are commonly called 
commutating circuits. The com- 
mutating circuit normally by- 
passes the load current around 
the SCR for a time sufficiently 
long to permit the SCR to recover 
its forward-blocking capability. 

Parallel-Capacitor 
Commutation 

One of the simplest methods 
for commutation of an SCR in an 
inverter circuit is by use of a 
capacitor connected in parallel 
with the load, as shown in Fig. 
322. If the switch S is open at the 
time the SCR is triggered by a 
pulse applied to its gate, the nega- 
tive terminal of capacitor C will 
be connected to the negative 
terminal of the supply voltage. 
Capacitor C then charges at an 
exponential rate through resistor 
R toward the dc supply voltage. 



R L0AD> 

i | -5 [ 

92CS- 21745 

Fig. 322-Parallel-capacitor type of SCR 
commutation circuit. 



When the switch is closed, capaci- 
tor C will be connected between 
anode and cathode of the SCR in 
a polarity such that it provides 
a negative anode voltage for the 
SCR. Load current is then di- 
verted through the capacitor, and 
the SCR turns off. The capacit- 
ance of the capacitor and the 
voltage to which it is charged 
must be sufficient to bypass the 
load current around the SCR for 
the time required for the SCR to 
recover its forward-blocking 
capability. 

In an actual circuit, the switch 
S shown in Fig. 322 is replaced 
by a second SCR, as shown in Fig. 

323. The resultant circuit is the 
familiar single-phase capacitor- 
commutated inverter. Capacitor C 
alternately commutates SCRi and 
SCR2. The inductor limits the 
current that flows into C during 
the charging intervals in a manner 
similar to that of resistor R in 
Fig. 322, but without the PR 
losses that occur in a resistor. 

Series-Capacitor 
Commutation 

A basic series-capacitor-com- 
mutated circuit is shown in Fig. 

324. In this circuit, commutation 
is achieved through the action of 
a capacitor connected in series 
with the load. When the SCR is 
turned on by a positive pulse 
applied to its gate, inductor L 
and capacitor C are connected in 
series with the load to the supply 
voltage. The inductor L and the 
capacitor C form a series resonant 
circuit. Current through this res- 
onant circuit (and the SCR) builds 
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Fig. 323-Single-phase capacitor-com- 
mutated SCR inverter. 



up sinusoidally to a maximum, 
decreases to zero, and then at- 
tempts to reverse. When the cur- 
rent attempts to reverse, the SCR 
turns off, and reverse voltage is 
maintained across it by the charge 
on capacitor C. With the configur- 
ation shown in Fig. 324, a recur- 
rent waveform cannot be main- 
tained because capacitor C will 
be charged to a voltage equal to 
or higher than the supply voltage, 

SCR 



L0AD< 
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Fig. 324-Basic series-capacitor type of 
SCR commutation circuit. 



and the SCR can never be for- 
ward-biased after the initial con- 
duction period has ceased. A 
more practical circuit for use as 
an inverter is shown in Fig. 325. 

In this circuit, SCRi and SCR 2 
are gated on alternately, with suf- 
ficient time between gating pulses 



to permit the LC circuit to com- 
mutate the conducting SCR. When 
SCRi conducts, the voltage across 
capacitor C rises to some positive 
value above the supply voltage. 
When SCR2 conducts, the volt- 
age across capacitor C falls to 
some negative value below the 
supply voltage. When one SCR is 
triggered on, forward voltage is 
immediately applied to the other 
SCR. Therefore, sufficient delay 
must be allowed between the end 
of one half-cycle of load current 
and the start of another. This 



LOAD 
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Fig. 325-Basic series-capacitor-commu- 
tated SCR inverter. 



delay must be at least equal to 
the turnoff time (t q ) of the SCR. 
The required delay in triggering 
can be reduced by the use of an 
additional inductor, as shown in 
Fig. 326. 

If both SCRi and SCR2 are in 
a blocking state and capacitor C 
has been charged during the prev- 
ious cycle in such a polarity that 
the terminal connected to the 
junction of Li and L2 is negative, 
SCRi is immediately triggered 
into conduction by application of 
a positive pulse to its gate elec- 
trode. The current that then flows 
through inductor Li, capacitor C, 
and the load is a half sine-wave 
Dulse, as shown in Fig. 326(b). 
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This half sine-wave pulse reson- 
antly charges capacitor C in the 
opposite polarity. By the end of 
the current pulse, capacitor C is 
charged to a value higher than the 
supply voltage. Current then at- 
tempts to reverse through SCRi. 




(d) 
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Fig. 326-Basic series-capacitor-commu- 
tated SCR inverter circuit with additional 
inductor. 



Some reverse-recovery current 
flows for a few microseconds, and 
SCRi then reverts to its reverse- 
blocking state (i.e. turns off). Cur- 
rent remains at zero until a gating 
pulse is applied to SCR2. When 
SCR2 is triggered on, capacitor 
C will discharge through SCR2 
in a half sine-wave pulse. When 
current attempts to reverse, SCR2, 



after a few microseconds of re- 
verse-recovery current, reverts to 
its blocking state, and the cycle 
is repeated. 

In the circuit shown in Fig. 

326, the current carried by SCR2 
is supplied completely by energy 
stored in capacitor C during the 
period when SCRi is conducting. 
Because the objective of the in- 
verter is to supply energy to the 
load, an arrangement that sup- 
plies energy from the supply on 
each half cycle, such as shown in 
Fig. 327, is desirable. 

In the circuit shown in Fig. 

327, capacitor C is divided into 
two equal parts. During the half- 
cycle that SCRi conducts, capaci- 
tor C2 is charged from the supply, 
and capacitor Ci is discharged 
through the load. Both the charg- 
ing current of capacitor C2 and 
the discharging current of capaci- 
tor Ci flow through SCRi, in- 
ductor Li, and the load. On the 
next half-cycle, a similar action 
takes place except that SCR2 con- 
ducts, capacitor Ci charges from 
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Fig. 327-Series-capacitor-commutated 
SCR inverter in which energy from the 
power source is supplied to the load on 
each half-cycle of inverter operation. 
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the supply, and capacitor C2 dis- 
charges. If Ci = C2 and Li = L2, 
one-half the load current on each 
half cycle is supplied by the power 
supply, and the other half of the 
load current is supplied by the 

capacitor being discharged. 

If separate inductors are used 
for Li and L2, the maximum oper- 
ating frequency of the inverter 
must always be slightly less than 
the series resonant frequency of 
L1C1 and L2C2. However, if Li 
and L2 are closely coupled on a 
common core, the operating range 
of the inverter can be extended 
slightly above the resonant fre- 
quency of the series LC circuit. 
If Li and L2 are coupled, when 
one SCR is turned on, the current 
that flows in the reactor associated 
with that SCR induces a voltage in 
the other reactor that reverses 
the voltage on the other SCR and 
causes it to cease conduction. 

Impulse Commutation 

If a very short pulse is used to 
reverse the voltage on an SCR 
briefly, the SCR is said to be 
impulse-commutated. The pulse 
must be of sufficient magnitude 
to cause the SCR to stop con- 
duction and must be of sufficient 
duration to permit the SCR to re- 
cover its forward-blocking capa- 
bility (must provide sufficient 
turn-off time). 

There are three general types 
of impulse commutation. In one 
type, the commutating pulse is 
generated by an SCR that is com- 
plementary to the SCR being 
turned off. This is called com- 
plementary impulse-commutation. 



The parallel-capacitor commuta- 
tion circuit shown in Fig. 323 is 
an example of complementary 
impulse-commutation. One dis- 
advantage of such a circuit is 
that if the gating signals are lost 
for any reason, the conducting 
SCR will not be turned off, i.e., 
will fail to commutate. In the 
event of such a failure, the con- 
ducting SCR may be destroyed by 
excessive forward dissipation, un- 
less a fuse or circuit breaker 
opens to remove the dc power 
from the circuit. The commuta- 
ting impulse may also be gener- 
ated automatically through some 
action of the circuit which causes 
it to automatically turn itself off 
after a certain time interval. The 
series - capacitor - commutated 
circuits shown in Figs. 325, 326, 
and 327 are examples of "self 
impulse-commutation." A third 
type of impulse commutation is 
one in which the commutating im- 
pulse is generated by some auxili- 
ary means, separate from the 
power-generated portion of the 
inverter. This method is called 
auxiliary-impulse commutation. 

Self-Impulse Commutation 

— Fig. 328 shows a basic "chop- 
ped" circuit in which the com- 
mutating impulse is generated by 
action of the circuit. When the 
SCR is off, but load current has 
been established during a prev- 
ious cycle, load current will be 
maintained by L2. Because the 
SCR is off, the return path for the 
load current will be through the 
rectifier D. During the off time of 
the SCR, capacitor C will charge 
through inductors Li and L2 and 
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the load to the supply voltage £. 
When the SCR is gated on, the 
voltage at the junction of in- 
ductors Li and L2 rises immedi- 
ately to the supply voltage E. 



SCR 1 
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Fig. 328-Basic self-impulse-commutated 
SCR inverter. 



Rectifier D then becomes reverse- 
biased, and the load current flows 
through the SCR. Capacitor C 
also discharges through inductor 
Li and the SCR in an oscillatory 
manner and reverses its charge 
within one-cycle. After the first 
half-cycle the current through in- 
ductor Li and capacitor C re- 
verses and causes current to flow 
through the SCR which is in a 
reverse direction from the load 
current. The net current through 
the SCR is then the difference 
between the load current and the 
current through Li and C. When 
the current through L and C 
equals the load current, the SCR 
current becomes zero, and the 
SCR turns off. The voltage re- 
maining on capacitor C then ap- 
pears as inverse voltage across 
the SCR. Load current continues 
to flow through C, Li, and L2 
until C has been charged back to 
the supply voltage E. At this time, 
current through C stops, and load 



current is transferred to the recti- 
fier D. The cycle is then repeated. 

Fig. 329 shows a circuit that 
uses another form of self-impulse 
commutation. This configuration 
is the well-known Morgan circuit. 
During the off- time, load current 
is maintained by L2, as in the 
circuit shown in Fig. 328. How- 
ever, the current that charges 
capacitor C during the off time 
saturates the core of Li (posi- 
tively, it is assumed for this ex- 
planation) so that the inductance 
of this inductor is small. When 
the SCR is triggered on, the 
capacitor will be connected di- 
rectly across Li and will drive 
its core towards saturation in the 
reverse direction (negative satura- 
tion). A finite time interval is 
required for the core to "switch" 
from positive saturation to nega- 
tive saturation. During this time 
interval, current flows through the 
SCR, inductor L2, and the load. 
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Fig. 329-Basic Morgan type of inverter 
circuit. 



Rectifier D is reverse-biased and 
therefore does not conduct. When 
the core of Li switches to nega- 
tive saturation, capacitor C dis- 
charges in an oscillatory manner 
through theSCR. Because the in- 
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ductance of inductor Li is very 
small at this time, the resonant 
discharge is very rapid, and the 
voltage on capacitor C very 
quickly falls from + E to - E. 
The core of Li remains in the 
negatively saturated condition for 
a certain time interval and then 
switches rapidly to the positively 
saturated condition. During this 
interval, the SCR continues to 
conduct current which flows 
through L2 and the load. When 
the core of Li becomes positively 
saturated again, the capacitor C 
once more discharges in a resonant 
manner, and current is driven in 
the reverse direction through the 
SCR. When the reverse current 
through the SCR equals the load 
current, the SCR turns off. In 
practice, a rectifier is usually 
connected across the SCR in the 
circuit shown in Fig. 328 and Fig. 
329 to carry the excess reverse 
current once the reverse current 
becomes equal to the load current. 

Auxiliary Impulse-Commuta- 
tion — An example of auxiliary 
impuse commutation is shown in 
Fig. 330. In this circuit, if SCR2 
has been triggered on, capacitor 
C is permitted to charge from 
the supply in the polarity shown. 
SCR2 turns off automatically 
once capacitor C becomes fully 
charged because of the lack of 
current. When SCRi is triggered 
on, load current flows through 
SCRi and the load. In addition 
capacitor C discharges through 
inductor L, rectifier D, and SCRi 
until it has reversed its charge. 
The hold-off rectifier D then pre- 
vents the current through capaci- 



tor C from reversing again. Load 
current continues to flow through 
SCRi until SCR2 is triggered on, 
capacitor C is then allowed to 
discharge through SCR2, and, 
in a reverse direction, through 
SCRi. When the reverse current 
through SCRi equals the load 
current, SCRi turns off. 
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Fig. 330SCR inverter circuit that employs 
auxiliary type of impulse commutation of 
SCRs. 

Commutating Capacitors 

In all the commutation arrange- 
ment discussed in the preceding 
paragraphs, the commutation cur- 
rent for the conducting SCR must 
be carried by a capacitor. This 
fact imposes rather severe require- 
ments on the commutating capaci- 
tor. The capacitor must be able 
to carry the high peak currents 
necessary for commutation with- 
out excessive losses that would 
reduce circuit efficiency, cause 
excessive temperature rise, and 
premature capacitor failure. Also, 
because the series inductance of 
the capacitor may limit the width 
of the commutating pulse and the 
initial rate of-rise of current in 
the conducting SCR, capacitor 
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manufacturers should be con- 
sulted as to the current ratings 
of the commutating capacitors at 
the operating frequency of the 
inverter. In addition, life tests 
should be conducted to assure that 
operating-temperature ratings of 
the capacitor are not exceeded 
after long periods of operation. 

SCR INVERTER 

Fig. 331 shows a typical high- 
frequency SCR switching inverter; 
Fig. 332 shows the waveshapes 
across each SCR and the output 
of the transformer. For resistive 
loads, this inverter is capable of 

E CC =I50V 
+ 

O 



delivering 500 watts of output 
power at an operating frequency 
of 10 kHz, and is provided with 
regulation from a no-load condi- 
tion to full load. With proper out- 
put derating, this circuit can also 
accommodate inductive and ca- 
pacitive loads. Under a capacitive 
load the power dissipation of the 
SCR's is increased; under an in- 
ductive load, the turn-off time is 
decreased. 

The inverter can be operated at 
any optional frequency up to 10 
kHz provided that a suitable out- 
put transformer is used and the 
timing capacitors are changed in 
the gate-trigger-pulse generator. 





O 

TO TRIGGER 
PULSE GENERATOR 
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Li - inductor, 95 turns of No. 16 magnet wire wound on 
Arnold Engineering Type A4 17172 (orequiv.) core. 

T. output transformer: Ni = N< = 9 turns of No. 18 
magnet wire, two strands; Nj = Na = 36 turns of No. 



18 magnet wire; N 5 = N« = 21 turns of No. 18 magnet 
wire; core = two sets of Siemens Type 
B66251-A0000-R026 (or equiv.) with 4-tnil air gap. 



Fig. 331 -High-frequency (10-kHz) SCR push-pull switching inverter. 
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A change in operating frequency, 
however, does not require any 
change in the commutating com- 
ponents Ci and Li. 
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Fig. 332-Typical operating waveforms for 
SCR inverter shown in Fig. 331. 



Circuit Operation 

Fig. 331 shows the two thyris- 
tors SCRi and SCR2 connected to 
the output transformer Ti. These 
thyristors are alternately trig- 
gered into conduction by the gate- 
trigger-pulse generator shown in 
Fig. 333 to produce an alternat- 
ing current in the primary of the 
power transformer. 

The thyristors are commutated 
by capacitor Ci, which is con- 
nected between the anodes of 
SCRi and SCR2. The flow of cur- 
rent through the circuit can be 
traced more easily if it is assumed 
that initially SCRi is conducting 



and SCR2 is cut off and that the 
common cathode connection of 
the SCR's is the reference point. 
For this condition, the voltage 
at the anode of SCR2 is twice the 
voltage of the dc power supply, 
i.e., 2 E^.. The load current flows 
from the dc power supply through 
one-half the primary winding of 
transformer Ti , inductor L2 , SCRi , 
and inductor Li. When the firing 
current is applied to the gate of 
SCR2, this SCR turns on and 
conducts. 

During the on period of SCR2, 
the capacitor Ci begins to dis- 
charge through L3, SCR2, SCRi, 
and L2. Inductors L2 and L3 func- 
tion to limit the rate of rise of the 
discharge current di/dt so that 
the associated stresses are main- 
tained within the capability of the 
device during the turn-on of the 
SCR. The effect of this control is 
to decrease the turn-on dissipa- 
tion, which becomes a significant 
portion of the total device dissipa- 
tion at high repetition rates. 

The discharge current through 
SCRi flows in a reverse direction, 
and after the carriers are swept 
out (and recombined) the SCRi 
switch opens (i.e., SCRi switches 
to the off state). At this time, 
the voltage across the capacitor 
Ci, which is approximately equal 
to — 2E,,., appears across SCRi as 
reverse voltage. This voltage re- 
mains long enough to allow the 
device to recover its forward 
blocking capability. Simultane- 
ously during this interval, the 
conducting SCR2 establishes 
another discharge path for capaci- 
tor Ci through transformer Ti 
and inductors Li and L3. The 
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SCR, SCR 2 
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Ti pulse transformer, center-tapped primary: Ni = N« = 
150 turns of No. 36 wire; split secondaries, Ns = N* = 
100 turns of No. 36 wire; core material = Indiana 
General Type CF902-05, or equiv. 

Fig. 333-Gate-trigger pulse generator for SCR inverter shown in Fig. 331. 



role of inductor Li is to control 
the rate of discharge of the capaci- 
tor to allow sufficient time for 
turn-off. 

After capacitor Ci is discharged 
from —lEa- to zero, it starts to 
charge in the opposite direction to 
+2E CC . When Ci is charged to 
+2E CC , because of the phase shift 
between voltage and current the 
flux at that time in the inductor 
Li is a maximum. This reactive 
energy stored in the inductor is 
normally transferred to the capaci- 
tor and causes an "overvoltage" 
or "overcharge", which in this 
particular case is undesirable. 
Voltages on the capacitor higher 
than 2E CC produce a negative volt- 
age at the anode of SCR2 with 
respect to the negative terminal 
of the dc power supply. This 
condition is prevented by use of 



a clamping diode D2 connected 
to an extra tap on the transformer 
oriented close to the anode of 
SCR2. As a result, the amount of 
"overcharge" of the capacitor is 
considerably reduced. The energy 
stored in inductor Li causes cur- 
rent to flow through diode D2, 
the N4 transformer winding in- 
ductor L3, and SCR2. Trans- 
former windings N4 and N3 act as 
an autotransformer through which 
the energy stored in the inductor 
is fed back to the power supply. 

When the firing current is ap- 
plied to the gate of SCRi, this 
device conducts and the process 
described above is repeated. 

Each time the SCR's turn off 
to interrupt the reverse recovery 
current, a certain amount of ener- 
gy remains in the inductor. This 
energy is transferred to the device 
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capacitance, which is relatively 
small, and thus a high-voltage 
transient is generated. This high- 
voltage transient may exceed the 
rating of the device, produce un- 
desirable stresses, and increase 
the switching dissipation. A trans- 
ient-suppressor network consisting 
of two 1N547 diodes, resistors Ri, 
R2, and R3, and capacitors C2 and 
C3 prevents this transient voltage 
from exceeding the maximum rat- 
ing of the SCR's. 

Gate-Trigger-Pulse Generator 

The gate-trigger-pulse genera- 
tor, as shown in Fig. 333, is a 
conventional astable (free-run- 
ning) multivibrator, combined 
with a threshold-sensitive switch 
consisting of transistors Q3 and 
Q4 which turns the generator on 
and off. The square-wave output 
of the generator is differentiated 
and fed to the gates of SCRi and 
SCR2 through the N3 and N4 wind- 
ings of pulse transformer Ti. The 
threshold-sensitive switch holds 
the generator off until the re- 
quired dc level is achieved in the 
power supply. This minimum 
level is necessary to maintain a 
nominal repetition rate and to 
supply sufficient current to trig- 
ger both SCR's. As dc power is 
applied through resistor R15 to 
charge capacitor C5, the gradually 
increasing voltage at the emitter 
of transistor Q3 eventually rises 
to a value above the zener voltage 
of the zener diode D4 connected 
between the emitter of transistor 
Q3 and the base of transistor Q4. 
So long as this voltage is not ex- 
ceeded, the base current of transis- 
tor Q4 is zero. Because transistor 



Cm is cut off, transistor Q3 also 
remains cut off. As the voltage of 
the power supply increases and 
exceeds the zener voltage of D4, 
the zener diode conducts cur- 
rent to the base of transistor Q4 
and causes the transistor to con- 
duct. The collector current of Q4 
then flows into the base of Q3 
and causes this transistor to con- 
duct. The collector current of 
Q3 is then applied to the astable 
multivibrator. A polarity-sensitive 
positive feedback loop consisting 
of diode D3 and resistor Rn pro- 
vides regenerative feedback to 
transistors Q4 and Q3 when the 
zener diode D4 is conducting. In 
the event that the power-supply 
voltage decreases and current 
ceases to flow through the zener 
diode, this feedback network 
maintains transistor Q3 in satu- 
ration until the voltage in the 
circuit drops to a few volts. 

The collector current through 
transistors Qi and Q2 does not 
maintain perfect balance as the 
base currents of transistors Qi 
and Q2 increase. Any slight un- 
balance in collector current is 
amplified throught the positive 
feedback loops. As a result, one 
transistor is cut off and the other 
is turned on at the extreme limit 
of unbalance. If transistor Qi is 
assumed turned on, the base of 
transistor Q2 is driven negative 
by capacitor C2, which is con- 
nected to the collector of Qi. The 
negative bias on the base of Q2 
drives the transistor into the cut- 
off state. Capacitor C3 connected 
to the base of Qi is then charged 
through the load resistor R7 of 
transistor Q2, and the base drive 
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on transistor Qi increases until 
the capacitor is fully charged. Ca- 
pacitor C2, with its negatively 
charged plate connected to the 
base of transistor Q2 through a 
resistor divider consisting of R4 
and Re, is discharged through re- 
sistor Rs. Resistor R5 is con- 
nected to a potentiometer R9 
which controls the waveshape 
symmetry and another poten- 
tiometer Rio which is connected 
to the positive supply voltage 
and serves as the repetition-rate 
control. 

When the negative bias de- 
creases to zero and the base of Q3 
becomes positive, transistor Q2 
turns on and causes Qi to turn 
off. The capacitor d which was 
charged through load resistor R7 
starts to discharge through the 
N2 primary windings of the pulse 
transformer Ti after Q2 is turned 
on. This discharge current is fed 
to the gate of the SCR, in the ap- 
propriate direction to fire the de- 
vice. During the alternate half- 
cycle of multivibrator operation, 
capacitor Ci discharges through 
the Ni primary windings of the 



pulse transformer to trigger 
SCRi. 

Applications 

Some of the applications of the 
SCR inverter are as follows: 

1. DC-to-dc Converters: 
Conversion can be accomp- 
lished by the use of small 
light-weight, low-cost trans- 
formers, inductors, and 
capacitors. Applications of the 
dc-to-dc converter include: 

a. Computer power supplies 

b. Power supplies for tele- 
phone equipment 

c. Power supplies for trans- 
mitters 

d. Battery chargers 

2. High-frequency power source: 

Because of the high frequency 
of operation, the size and 
weight of equipment is re- 
duced, and often efficiency is 
improved. Some possible in- 
verter applications include: 

a. Fluorescent lamp supply 

b. Mercury- vapor lamp sup- 
ply 

c. Inductor heating 
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For reproduction of a trans- 
mitted picture in a television re- 
ceiver, the face of a cathode- 
ray tube is scanned with an elec- 
tron beam while the intensity of 
the beam is varied to control the 
emitted light at the phosphor 
screen. The scanning is synchro- 
nized with a scanned image 
at the TV transmitter, and 
the black-through-white picture 
areas of the scanned image are 
converted into an electrical sig- 
nal that controls the intensity of 
the electron beam in the picture 
tube at the receiver. 

STANDARDS FOR SCANNING 
AND SYNCHRONIZATION 

The National Television Systems 
Committee (NTSC) has recom- 
mended, and the Federal Com- 
munications Commission (FCC) 
has adopted, standards of trans- 
mission for a nationally coordin- 
ated television system. These 
standards assure that any televi- 
sion receiver in the United States 
can produce a satisfactory picture 
from any U.S. television broad- 
cast (provided that signal strength 



is sufficient). The FCC standards 
for scanning and synchronization 
form the basis for the television 
industry in this country. 

Scanning 

The picture on the face of a 
television picture tube is formed 
by rapid movement of a single 
spot of light in both horizontal 
and vertical directions. This spot 
of light is produced when the elec- 
tron beam strikes the fluorescent 
screen; the brightness of the spot 
varies in proportion to the ampli- 
tude of the video signal. The elec- 
tron beam moves under the influ- 
ence of two magnetic fields. One 
field causes the beam to move 
(scan) horizontally across the face 
of the picture tube; the other field 
causes the beam to move from top 
to bottom. 

Fig. 334 illustrates the basic 
scanning principle. This diagram 
assumes that the beam starts at 
the upper left corner of the pic- 
ture area, sweeps rapidly across 
and simultaneously moves down- 
ward at a very small slope to the 
opposite edge of the screen. The 
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Fig. 334-Non-interlaced scanning. 

beam then jumps back, or re- 
traces, much more rapidly to the 
left edge, and starts across again 
at a point lower down as shown. 

The two magnetic fields which 
cause the beam to sweep across 
the face of the picture tube are 
so related that the beam scans 
262Vi times across the face of the 
picture tube horizontally for every 
time it scans once across the tube 
vertically. Each complete picture 
is "scanned" twice in a time in- 
terval of l/30th second. Therefore, 
the rate at which a complete pic- 
ture is scanned, or at the frame 
rate, is 30 frames per second. Per- 
sistence of vision makes it prac- 
tical to portray motion very well 
with this frame rate. 

A picture or "raster" of 262V2 
lines presents two problems which 
make it unsatisfactory for com- 
mercial television use. First, a line 
structure of 262V4 lines is rela- 
tively coarse and can be readily 
seen at normal viewing distances 
and, of course, imposes a severe 
limitation on vertical resolution. 
Second, although the eye with its 
persistance of vision averages 
a succession of still pictures into 
apparent smooth motion, it does 



not filter out the periodic bright- 
ness changes as the complete 
frames are presented and cut off 
at a 30 frames-per-second rate. 

The vertical resolution is im- 
proved and the flicker effect is 
eliminated if the scanning pattern 
is changed from the simple one 
first discussed to a pattern called 
interlaced scanning. 

In interlaced scanning, as 
shown in Fig. 335, the beam skips 
every even numbered line in scan- 
ning the entire picture, then jumps 
back and sweeps over the even- 
numbered lines. In other words, 
on its first trip, the beam scans 
all the off-number lines ( 1 ,3 ,5 ,7 . . .) , 
on the second trip, the beam scans 
even-numbered lines (2,4,6,8...). 
All this action occurs in the time 
of one frame (1/30 second). 

Although the eye has received 
two distinct light impressions for 
each frame, each spot on the 
screen has actually been scanned 
only once. The effect on the eye 
is the same as though 60 complete 
pictures per second were trans- 
mitted instead of 30, and the eye 
is quite insensitive to this flicker 
rate. 

It would have been possible to 
select a frame rate of 24, which 
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Fig. 335-Interlaced scanning. 
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has been used for movies, and a 
flicker rate of 48 would probably 
be tolerable. However, a frame 
rate which is an integral multiple 
or submultiple of the 60-Hz line 
frequency minimizes the effect of 
any picture distortion produced 
by factors such as poor power- 
supply filtering, wiring pickup, 
and heater-cathode leakage in the 
picture tube. Such effects produce 
a stationary distortion pattern for 
a 60-Hz flicker rate. If another 
frame frequency were used, a 
continuously moving distortion 
pattern would result. Experiments 
have shown that a moving distor- 
tion pattern is much more annoy- 
ing than a stationary one. 

Although the complete televi- 
sion picture is made up of 525 
lines, not all these lines are ac- 
tually used in forming the picture 
on the face of the picture-tube. 
If the lines on the picture tube 
were counted, only about 480 
"active" lines would be visible. 
The missing lines are blanked out 
during the retrace period. The 
reasons for this blanking will be- 
come obvious during the discus- 
sion on synchronization, later in 
this section. 

Two complete fields are scanned 
vertically in one 30-Hz frame, the 
vertical scanning rate, therefore, 
is 2 X 30, or 60 Hz. For each 
30-Hz frame, there must be 525 
horizontal lines, so the horizontal 
scanning rate is 30 X 525 or 15,750 
Hz. 

Composite Video Signal 

The standard television signal 
has four major components: (1) 



the picture information which is 
generated during active scanning 
time, (2) picture blanking pulses, 
(3) picture synchronizing pulses, 
and (4) an average dc component. 

Picture Information — Picture 
information, which is the basic 
part of the signal, is a series 
of waves and pulses generated 
during the active line scanning 
of the camera tube. For a mono- 
chrome picture, as the electron 
beam traverses the face of the 
camera tube, its amplitude is mod- 
ulated in accordance with the 
brightness of the scene it is scan- 
ning. Fig. 336 shows a very simple 
scene being scanned, and the elec- 
trical brightness signal from the 
camera that corresponds to one 
scanning line. 
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Fig. 336-Video signal for one scanning 
line. 

For color pictures, the three 
color-difference signals are added 
to the monochrome, or Y, signal, 
as explained later in the discussion 
of Color Synchronization. 



Blanking Signals — During re- 
trace periods, the camera pickup 
tube may generate spurious sig- 
nals. Also, during this period, re- 
trace lines in either the camera 
tube or in the picture-tube in the 
receiver can detract from the ap- 
pearance of the picture. Blanking 
pulses are applied to the scanning 
beams in both the pickup camera 
and in the receiver picture tube 
to eliminate retrace lines and the 
unwanted information from the 
picture during retrace. 

A standard blanking signal has 
been agreed upon by the television 
industry. The blanking signal is 
actually part of the signal pro- 
duced by the synchronizing cir- 
cuit. It is a pulse somewhat longer 
than the synchronizing pulse, but 
of smaller amplitude. The magni- 
tude of this pulse is held at the 
proper value to cut off the scan- 
ning beam during retrace. This 
level is called the black level, 
because during the time the signal 
from the transmitter is at that 
level the beam does not produce 
any light on the face of the picture 
tube. Fig. 337 shows how the pic- 
ture information is combined with 
the blanking pulses and synchron- 
izing pulses to form the composite 
video signal. It should be noted 
that the undesired signals have 
been pushed down below the 
black level. 

Actually, there are two blanking 
signals, because the beam must 
move both vertically and horizon- 
tally. The horizontal blanking 
pulses are transmitted at the end 
of each line at intervals of 1/15,750 
second (1/15,374 second for color 
broadcasts) and blank the beam 




Fig. 337-Steps in synthesis of picture 
signal. 

during the retrace period between 
lines. Vertical blanking pulses are 
transmitted at the end of each 
field, at the bottom of the picture, 
at intervals of 1/60 second 
(1/59.94 second for color), and 
blank the beam during the time 
required for its return to the top 
of the picture. 

Synchronizing Signals — The 

attainment of a viewable picture 
on the face of the picture tube 
requires that the scanning beams 
in the camera and the receiver 
be in exact synchronism at all 
times. This synchronization is 
provided in the form of electrical 
pulses during the retrace internal 
between successive lines of the 
picture and between successive 
pictures. These pulses are gen- 
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erated at the transmitting end in 
the equipment which controls the 
scanning beam of the camera pick- 
up tube and becomes a part of 
the composite signal which is 
transmitted. Synchronizing sig- 
nals should (1) provide positive 
synchronization of both horizon- 
tal and vertical sweep circuits, 
(2) be separable by simple elec- 
trical circuits to recover the ver- 
tical and horizontal components of 
the composite synchronizing sig- 
nal, and (3) be able to combine 
simply with the picture. 

Because proper synchronization 
is absolutely essential to obtain 
a usable picture, the synchronizing 
signals are made to be the strong- 
est ones that the transmitter can 
produce. The level of the picture 
signal itself is not allowed to ex- 
ceed 75 percent of the full trans- 
mitter power (black level); the full 
power of the transmitter, how- 
ever, is used to transmit the sync 
pulses. The task of separating the 
sync pulses from the rest of the 
signal at the receiver, therefore, 
is simplified. Fig. 338 shows the 
waveform of a radiated picture 
signal, together with a horizontal 
sync pulse. The reference white 
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Fig. 338-Waveform of radiated picture 
signal. 
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line indicated on the sketch is 
relatively close to zero carrier 
level (12.5 percent), the synchron- 
izing pulses, however, are in the 
"blacker than black" region that 
represents maximum carrier pow- 
er. Fig. 339 and 340 shows how 
the synchronizing signal wave- 
form is added to the picture signal. 

The horizontal and vertical syn- 
chronizing pulses have the same 
amplitude, but different wave- 
shapes and time durations. Fre- 
quency discrimination techniques, 
therefore, can then be used to 
separate them in the receiver. 

The vertical synchronizing 
pulses are rectangular in shape, 
but are of much greater duration 
than the horizontal pulses. The 
difference in the time duration 
of the two types of pulses pro- 
vides a means of frequency dis- 
crimination. Each vertical syn- 
chronizing pulse has six slots 
(serrations) in it, so that it appears 
to be a series of six wide pulses 
at the horizontal frequency. The 
width of the slots in the vertical 
sync pulses is approximately 
equal to the width of the horizon- 
tal sync pulses. Although the slots 
do not assist in vertical synchron- 
ization, they do provide a means 
of providing uninterrupted syn- 
chronizing information to the hor- 
izontal oscillator during the verti- 
cal sync interval. The slots are 
spaced one horizontal line apart 
so that the receiver can use this 
pulse informatiion to keep the hor- 
izontal oscillator in synchroniza- 
tion. 

One of the most difficult prob- 
lems in synchronization is that of 
maintaining accurate interlacing. 
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NOTES 

1 . H = time from start of one line to start of next line. 

2. V = time from start of one field to start of next field. 

3. Leading and trailing edges of vertical blanking should be complete in less than 0. 1 H. 

4. Leading and trailing slopes of horizontal blanking must be steep enough to preserve 
minimum and maximum values of (x + y) and (z) under all conditions of picture 
content. 

*5. Dimensions marked with asterisk indicate that tolerances given are permitted only 
for long time variations and not for successive cycles. 

6. Equalizing pulse area shall be between 0.45 and 0.5 of area of a horizontal sync 
pulse. 

7. Color burst follows each horizontal pulse, but is omitted following the equalizing 
pulses and during the broad vertical pulses. 

8. Color bursts to be omitted during monochrome transmission. 

9. The burst frequency shall be 3.579545 MHz. The tolerance on the frequency shall be 
± 10 hertz with a maximum rate of change of frequency not to exceed 1/10 hertz per 
second per second. 

10. The horizontal scanning frequency shall be 2/455 times the burst frequency. 

1 1 . The dimensions specified for the burst determine the times of starting and stopping 
the burst, but not its phase. The color burst consists of amplitude modulation of a 
continuous sine wave. 

12. Dimension "P" represents the peak excursion of the luminance signal from blanking 
level, but does not include the chrominance signal. Dimension "S" is the sync 
amplitude above blanking level. Dimension "C" is the peak carrier amplitude. 

13. For monochrome transmissions only, the duration of the horizontal sync pulse bet- 
ween 10 per cent points is specified as 0.08H ± 0.01 , the period from the leading edge 
of sync to the 10 per cent point on the trailing edge of horizontal blanking is specified 
as 0.14H min., and the duration of vertical blanking is specified as 0.05V + 0.03V - 
0. All other dimensions remain the same. 

Fig. 339-Standard FCC video waveforms. 



Variations in either the timing 
or the amplitude of the vertical 
scanning of alternate fields will 
cause a vertical displacement of 
the interlaced fields. The result 



is a nonuniform spacing of the 
scanning lines. This effect, which 
is usually called "pairing," re- 
duces the vertical resolution and 
makes the line structure of the 
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Fig. 340-Expanded view of some of the standard FCC video waveforms shown in 

Fig. 339. 
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picture visible at normal viewing 
distance. Because the two inter- 
laced fields are displaced by half 
a line with an equivalent frame 
rate of 30 Hz, there is an inherent 
30-Hz component in the synchron- 
izing signal. If even a minute por- 
tion of this 30-Hz component gets 
into the vertical oscillator, it will 
inevitably cause pairing. 

The pairing problem is mini- 
mized and continuous horizontal 
synchronization throughout the 
vertical sync and blanking inter- 
vals is assured by addition of 
another series of pulses, called 
"equalizing pulses," just before 
and just after the vertical sync 
pulses. The repetition frequency 
of the equalizing pulses and of 
the slots in the vertical sync pulse 
is twice the horizontal rate. There- 
fore, the pulses are spaced half a 
horizontal line apart. The hori- 
zontal oscillator will "trigger" on 
every odd pulse in the first field 
and on every even pulse in the 
second field and, therefore, pro- 
vides interlace as shown prev- 
iously in Fig. 335. 

Color Synchronization — For 

color receivers, an additional syn- 
chronizing signal is required. The 
demodulators must be supplied 
with locally generated contin- 
uous-wave 3.58-MHz signals, 
which are precisely locked in fre- 
quency and in phase with the 
color subcarrier signals applied 
to the modulators at the trans- 
mitter, in order to function prop- 
erly and demodulate the proper 
colors. The 3.58-MHz local oscil- 
lator in the receiver is synchron : 
ized in frequency and in phase 



by a synchronizing signal sent 
out by the transmitter. This 
color-sync signal consists of a 
short burst of 3.58-MHz signal 
transmitted during the horizontal- 
blanking interval and following 
the horizontal-synch interval, as 
shown in Fig. 341. The phase of 
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Fig. 341-A synchronizing signal, con- 
sisting of about 8 cycles of the sub- 
carrier signal at the reference phase, 
is transmitted in short bursts following 
every horizontal sync pulse. 

the burst signal is the reference 
phase for the system. It is chosen 
to coincide with the phase of the 
- E (B . Y) color-difference signal, 
as shown in Fig. 342. Fig. 343 
shows how the burst signal is used 
in a color television receiver. 

The composite video signal, 
which includes the burst signal 
as well as the chrominance signal, 
is applied to a burst amplifier, 
which is tuned to 3.58 MHz. In 
the absence of a keying pulse, 
this amplifier is cut-off, or non- 
conducting. A keying pulse, de- 
layed the appropriate amount to 
be coincident with the burst sig- 
nal, is derived from the horizon- 
tal deflection circuit and drives 
the burst amplifier into conduc- 
tion. The burst amplifier, there- 
fore, amplifies the burst signal. 
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Fig. 342 -Addition of burst to color signal. 



but is cut-off for most of the 
composite video signal. After 
separation in this way, the ampli- 
fied burst signal is applied to a 
phase detector in which it is com- 
pared with another 3.58-MHz sig- 
nal obtained from the local sub- 
carrier oscillator. Any error in 
frequency or instantaneous phase 
of the locally generated subcar- 
rier produces a dc output from 
the phase detector. This correc- 
tion voltage is used to correct the 
phase of the subcarrier oscillator 
through a reactance control cir- 
cuit. 

DC Component — Most sound 
systems, even the best high fidel- 
ity systems, use ac coupling and 
do not reproduce frequencies be- 
low 15 to 20 Hz. This limitation 
does not impose any special prob- 
lem because the human ear is in- 
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Fig. 343-The color subcarrier synchronizing system. (This system resembles horizontal 
AFC systems. The oscillator signal is compared with the burst signal and an error in 
phase produces a dc correction voltage that forces the oscillator to operated at the 

correct phase.) 
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capable of responding to fre- 
quencies below 15 to 20 Hz. 
The eye, however, can perceive 
both absolute intensities of light 
and very slow variations in inten- 
sity. As the frequency of the var- 
iations increases, the eye soon 
loses its ability to follow the 
changes and tends to respond to 
the average of the variations. 
This pheonmenon, which is called 
persistency of vision, makes it 
possible for the eye to see a rapid 
succession of still pictures as ap- 
parent smooth, uninterrupted 
motion. 

Because the eye can recognize 
slow changes in light intensity, 
a television system must be able 
to transmit these slow changes to 
the receiver and to the screen of 
the picture-tube. The system must 
either pass the entire TV spec- 
trum, including the dc component, 
through each stage, or the signal 
must contain information which 
makes it possible to restore the 
dc component in the receiver. 

The loss of the dc component 
results in a signal which tends to 
adjust itself about its own ac axis. 
Fig. 344(a) shows the video signal 
when the dc component is present. 
Fig. 344(b) shows the effect on 
this signal when the dc component 
is lost. 

Addition of the dc component 
by means of a dc restorer will 
restore the signal to its original 
form, shown in Fig. 344(a). As 
shown in Fig. 344(b), when the dc 
component is lost, the peak-to- 
peak excursions of the signal are 
considerably increased and re- 
quire a greater amplitude excur- 
sion from the amplifiers through 



which the signal must pass. There- 
fore, it is sometimes desirable to 
reinsert the dc component at earl- 
ier points in the system, in addi- 
tion to restoring it at the picture 
tube. DC restoration also tends to 
reduce hum, switching surges, and 
some spurious signals. 
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Fig. 344-DC component of video signal. 

ANALYSIS OF BASIC 
DEFLECTION CIRCUIT 

When a transmitted picture is 
reproduced on a television screen, 
the face of the picture tube is 
scanned with an electron beam, 
and simultaneously, the intensity 
of the beam is varied to produce 
varying intensities of light emitted 
from the phosphor screen. This 
scanning must be synchronized 
with the scanning of the original 
image by the camera located at the 
transmitter. 

Equivalent-Circuit 
Representation 

The fundamental horizontal- 
deflection circuit can be repre- 
sented by a pair of switches, a 
capacitor, a deflection yoke, and 
a power supply. Fig. 345 shows 
such a fundamental circuit, to- 
gether with the circuit currents 
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that correspond to the different 
portions of the scanning cycle. 

When the electron beam is at 
the left edge of the picture (raster), 
yoke current, which has previous- 
ly been established, is at a maxi- 
mum value in the negative direc- 
tion, switch Si is closed, and 
switch S2 is open. Energy prev- 
iously stored in the yoke causes 
a current to flow through the yoke 
and Si, in the direction indicated, 
to return energy to the power sup- 
ply, E cc . By the time the beam 
has reached the center of the 
screen, the energy stored in the 



yoke has decayed to zero, and 
yoke current has decayed to zero. 
Switch Si is then opened, and 
switch S2 is closed. At this in- 
stant, the current through the 
yoke reverses, and the power sup- 
ply provides the energy to pro- 
duce an increasing current through 
the yoke as shown. When the 
beam reaches the right hand side 
of the raster, switch S2 is opened. 
The energy stored in the magnetic 
field of the yoke begins to decay. 
Because switches Si and S2 are 
both open at this time, the decay- 
ing yoke current (as indicated by 
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Fig. 345-Scanning waveforms and circuit diagrams for fundamental horizontal deflection 

circuit. 
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the dotted arrows) flows into the 
capacitor, and the energy prev- 
iously stored in the yoke is trans- 
ferred to the capacitor. This trans- 
fer of energy occurs fairly rapidly 
compared to the time required for 
the previous build-up of current. 
When the yoke current decays to 
zero, the direction of current in 
the yoke reverses because the 
capacitor then discharges its 
stored energy through the yoke 
(in the direction indicated by the 
solid arrows). The electron beam 
has now returned to the left side 
of the raster, and the cycle is re- 
peated. 

Because the horizontal scanning 
rate is 15,750 Hz (15,734 Hz for 
color systems), mechanical 
switches obviously cannot pro- 
vide the required high switching 
rate. In practice, switch Si will 
be a diode (commonly called a 
damper diode), and switch S2 will 
be an active device, such as an 
electron tube, a transistor, or a 
thyristor. 

Basic Mathematical 



As shown in Fig. 345, the volt- 
age E y developed across the yoke 
winding during retrace is a half- 
sine wave. The fundamental fre- 
quency of this half-sine wave is 
given by 



f = 



1 



27r(L y Cr 



(90) 



The total period of a sine wave 
is 1/f, and because the retrace is 
a half-sine wave, the retrace time 
( 1/2 f) can be expressed as follows: 



t, = it (L y Q* 



(91) 



The maximum energy stored in 
the yoke is determined as follows: 



E M = 1/2 (L y I y 2 ) 



(92) 



where I y is the maximum value 
of yoke current. 

The maximum energy stored in 
the capacitor is given by 



E M = 1/2 (CV 2 ) 



(93) 



where V is the maximum voltage 
to which the capacitor C is 
charged. 

If the losses in the circuit are 
neglected, the maximum energy 
stored in the yoke is equal to the 
maximum energy stored in the 
capacitor. Therefore, 

Vi (Lyl/) = 1/2 (CV 2 ) (94) 

The maximum voltage developed 
across the yoke then may be de- 
termined from the following rela- 
tionship 



V = 



(95) 



Substitution of C = V7L/, de- 
rived from Eq. (91), into Eq. (95) 
yields the following result: 



V = 



7rL y I y 



(96) 



Eq. 96 expresses the peak voltage 
as a function of retrace time t,.. 

The maximum voltage across 
switches Si and S2 is equal to 
the sum of the supply voltage 
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E cc and the value obtained in 
Eq. (95) or (96). 

The value of E cc , which must 
be added to the value given by 
Eq. (95) or (96) to obtain the peak 
voltage across switches Si and S2, 
is not necessarily the B supply 
voltage. In some circuits, this 
voltage may be a dc voltage to 
which a capacitor in series with 
the yoke is charged. This choice 
is normally obvious from an in- 
spection of the circuit. 

One problem in the use of Eq. 
(95) is that the correct value of 
circuit capacitance is not neces- 
sarily known, because it includes 
stray capacitances in addition to 
any fixed external capacitance. It 
can be shown that the peak volt- 
age across switches Si and S2 is 
defined by the following expres- 
sion: 



= bJl. 



79 + 1.57- 



/(97) 

where t, is the trace time and, 
as previously given, t,. is the re- 
trace time 

By use of Eq. (97), the peak 
voltage for various values of re- 
trace time can be predicted. The 
proper supply voltage and retrace 
time can then be chosen to stay 
within the ratings of the available 
deflection devices. For a range of 
retrace times from 10 microsec- 
onds to 13 microseconds, the 
quantity (1.79 + 1.57) tA varies 
from 10.2 to 7.9. This range leads 
to a ' 'rule of thumb" that has been 
used for transistor horizontal de- 
flection circuits. This "rule" 
states that the peak voltage on 
the deflection device(s) is ap- 
proximately 8 to 10 times the sup- 



ply voltage. A safety margin of 10 
to 20 per cent should be added 
to allow for factors such as high- 
line operation or off-frequency 
operation. 

Third-Harmonic Tuning 

The peak voltage across 
switches Si and S2 of the basic 
circuit shown in Fig. 345 may be 
reduced by addition of a tuned 
circuit resonant at the third har- 
monic of the yoke circuit, as 
shown in Fig. 346. This circuit 
is shock-excited by the retrace 
pulse across the yoke and de- 
velops a third-harmonic signal. 
The addition of the third-harmonic 
signal to the retrace pulse re- 
duces the voltage peak by about 
20 percent. 
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Fig. 346-Effect of third harmonic tuning 
on peak voltage. 
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In actual practice, the added 
circuit usually forms a part of the 
high-voltage system, and its pres- 
ence is not obvious from an in- 
spection of the schematic diagram. 

Auxiliary Deflection-System 
Functions 

Although the major function of 
the horizontal deflection system is 
to deflect the electron beam hori- 
zontally across the face of the 
picture tube, it normally also pro- 
vides a number of auxiliary func- 
tions. These functions may in- 
clude items such as follows: 



(1) Generation of the high- 
voltage for the picture tube 

(2) Focus supply voltage for the 
picture tube 

(3) High- voltage regulation 

(4) Scan-linearity correction 

(5) Convergence waveforms 

(6) Retrace blanking 

(7) Gating pulse for automatic 
gain control (age) 

(8) Timing reference for auto- 
matic frequency control (afc) 

(9) Bias voltage for grid-No. 2 
of the picture tube 

(10) Low voltage supplies for 
the other sections of the receiver 

The voltages for these functions 
are normally obtained by connec- 
tion of a transformer in shunt with 
the yoke. This transformer is 
called the high- voltage or "fly- 
back" transformer. This trans- 
former is always a step-up trans- 
former for the high-voltage rec- 
tifier and is usually a step-down 
transformer for the various other 



voltages obtained from it. In addi- 
tion, it may be used as a slight 
step-up or step down transformer 
for the yoke, the damper diode, 
the capacitor, or any combination 
of these components. Figure 347 
shows a deflection circuit that 
includes a high voltage trans- 
former together with a number 
of auxiliary functions. 

If the low-voltage windings on 
the transformer are neglected 
and only the primary and high 
voltage windings are considered, 
Fig. 348 shows an the equivalent 
circuit of the deflection circuit of 
Fig. 347 during retrace. 

Li is the equivalent inductance 
of the transformer windings and 
deflection yoke referred to the 
high-voltage side of the trans- 
former. Ci is the equivalent ca- 
pacitance of the transformer and 
yoke windings, the output trans- 
istor, and any added circuit capac- 
itance. L2 is the leakage in- 
ductance between the yoke wind- 
ing and the high-voltage winding. 
C2 is the equivalent stray capaci- 
tance across L2, and C3 is the 
capacitance across the high-volt- 
age terminal. It can be shown that 
during retrace there are two fre- 
quencies of oscillation in the cur- 
rent and voltage waveforms. The 
lower of the two frequencies 
(which determines the retrace in- 
terval) is determined by Li reso- 
nating in parallel with Ci and the 
capacitance path L2C2C3. The 
higher resonant frequency is a 
result of L2 resonating with C2 
and the capacitive path C3L1C1. 
By proper design of the high volt- 
age transformer, the leakage in- 
ductance and stray capacitance 
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(b) 



Fig. 347 -Horizontal-deflection circuit with high-voltage transformer: (a) over-all 
schematic diagram; (b) equivalent circuit of high-voltage transformer during retrace. 



may be made to resonate at the 
third harmonic of the retrace 
frequency to reduce the peak 
voltage on the horizontal output 
device, as shown previously in 
Fig. 346. 

High-Voltage Generation 

For a high-performance color 
receiver, a maximum beam cur- 
rent of 1 .5 milliamperes at 25 KV 
is usually provided. This power 
is normally obtained by rectifica- 
tion of the voltage obtained from 
a tertiary winding on the high- 
voltage transformer. The recti- 
fier used may be a vacuum-tube 
diode, a single "stack" of series- 
connected solid-state diodes, or 



a voltage multiplier made up of 
several stacks of diodes together 
with capacitors. A voltage multi- 
plier provides somewhat better 
voltage regulation with beam cur- 
rent, because the small tertiary 
high-voltage winding required re- 
presents a lower source imped- 
ance for the high voltage load. 

Scan Linearity Correction 

For accurate reproduction of 
pictures, the electron beam must 
move at a linear rate across the 
faceplate of the picture tube. If 
the faceplate were a section of a 
sphere with its center at the center 
of deflection, a linear sawtooth of 
current through the deflection 
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yoke would be required for linear 
deflection. Although the faceplate 
is a section of sphere, its radius 
is much greater than the distance 
to the center of deflection. The 
distance from the center of deflec- 
tion to the faceplate therefore, is 
greater at the edges than at the 
center of the picture tube. Con- 
sequently, a given amount of de- 
flection of the beam at the deflec- 
tion center produces a greater 
movement of the beam at the 
edges of the raster than at the 
center. For this reason, the re- 
quired current waveform through 
the deflection yoke should be 
somewhat "S"-shaped rather 
than an absolutely linear saw- 
tooth. Much of this S-shaping is 
accomplished by a capacitor con- 
nected in series with the yoke, as 
shown in Fig. 347. 

The yoke and its series capaci- 
tor, shown in Fig. 347, make up 
a series-resonant circuit, with the 
return path being either the trace 
SCR, or the trace diode depending 
on which is conducting. The re- 
sonant frequency of this circuit 
is roughly 10 kHz. The period 
of one-half cycle, therefore, is 
approximately the time duration 
of one scanning line. The cur- 
rent waveform during the scan 
period, then, is a section of a 
sine wave and is approximately 
S-shaped. Unfortunately, the de- 
gree of S correction provided by 
the S-shaping capacitor is often 
insufficient for good linearity. The 
radius of curvature of the face- 
plate may require greater "flat- 
tening" of the current waveform 
at the edges of the raster than 
the resonance effect can produce 



or the resistance of the yoke may 
distort the waveform. Fig. 348 
illustrates a possible method of 
linearity correction. 
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Fig. 348-Variable-inductance linearity 
correction circuit. 

The circuit shown in Fig. 348 
acts as a variable inductance in 
series with the yoke. During the 
first part of trace, the flow of 
yoke current through the saturable 
inductor is blocked by the diode. 
During the second part of trace, 
the diode becomes forward- 
biased, and yoke current is grad- 
ually shunted through the self- 
saturable inductor. With the prop- 
er values for the two inductors, 
the equivalent inductance in series 
with the yoke varies just the right 
amount to produce the proper 
degree of linearity correction. 

Raster Correction 

The distance from the center 
of deflection to the outside edge 
of the raster on the picture tube 
is greatest at the corners of the 
raster and decreases to a mini- 
mum at the center. Because the 
electron beam must travel a great- 
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er distance to reach the corners 
of the raster, a given deflection 
of the beam produces a greater 
movement of the spot on the face- 
plate of the picture tube, and the 
distortion known as ' 'pincushion' ' 
is produced. This effect is shown 
in Fig. 349. The degree of pin- 
cushion distortion increases with 
deflection angle, so that correc- 
tion for this effect becomes in- 
creasingly important with wide- 
angle picture tubes. 
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Fig. 349-Effect of pincushion distortion. 

In monochrome receivers, 
correction of pincushion distortion 
is achieved by imbedding magnets 
in the forward edge of the deflec- 
tion yoke assembly. This type of 
correction, however, would de- 
grade convergence and purity, so 
it cannot be used in color re- 
ceivers. The usual method of 



achieving pincushion correction 
is to reduce the yoke current as 
the beam approaches the corners 
of the raster. One method of side 
pincushion correction that uses 
active devices is shown in Fig. 
350. 

In this circuit, the collector sup- 
ply for the transistor Q2 is the 
voltage across the 0.68 micro- 
farad capacitor Ci connected 
in series with the primary of the 
high- voltage transformer. Loading 
of this supply by transistor Q2 
increases the energy being drawn 
from the high-voltage transformer 
and thus reduces scan. Transistor 
Q2 is driven by a sawtooth de- 
rived from the vertical output 
stage. During the second half 
of vertical trace, transistors Qi 
and Q2, which are driven into 
conduction by the vertical saw- 
tooth, discharge the 10-micro- 
farad capacitor C2. Capacitor 
Ci is then loaded with an in- 
creasing current from the middle 
to the end of vertical scan. At 
the end of vertical scan, transis- 
tors Qi and Q2 are turned off. 
Capacitor C2 is again charged by 
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Fig. 350-Active side-pincushion correction circuit. 
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the energy stored in capacitor Ci. 
The loading of Ci by C2 is a 
maximum at the beginning of ver- 
tical scan (top of picture), and 
decreases toward zero from the 
top toward the middle of vertical 
scan as capacitor C2 charges. 

Another method for correction 
of side pincushion distortion is 
shown in Fig. 351. In this cir- 
cuit, the control winding of the 
saturable transformer is supplied 



creases from a minimum at the 
center of vertical scan to a maxi- 
mum at the end of vertical scan. 
At the beginning of vertical scan, 
the current through the control 
winding is maximum, and the de- 
gree of loading of the high- voltage 
transformer and yoke is maxi- 
mum. The current in the control 
winding (and the yoke loading) 
gradually decreases to a minimum 
toward the center of scan. 
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Fig. 351 Saturable reactor side-pincushion correction circuit. 



with a vertical sawtooth (pre- 
ferrably somewhat parabolic in 
shape). This current determines 
the degree of saturation of the 
transformer core and, therefore, 
the impedance of the secondary 
windings, which are shunted 
across a portion of the primary 
of the high-voltage transformer. 
During the second half of vertical 
scan, the current through the con- 
trol winding gradually increases 
form zero at the center of scan 
to a maximum value at the end of 
scan. The degree of core satura- 
tion also increases, and the in- 
ductance of the windings in shunt 
with the transformer (and yoke) 
decreases accordingly. The load- 
ing of the high-voltage trans- 
former and yoke gradually in- 



Fig. 352 shows a circuit for 
correction of top and bottom pin- 
cushion distortion. In this circuit, 
Ti is a saturable-core transformer 
which has two windings connected 
in parallel on the center leg 
of the core and two series- 
connected windings on the 
outside legs. A permanent magnet 
induces a "bias" magnetic flux, 
qyi in the direction shown. The 
vertical yoke current flowing 
through the transformer windings 
L M and L 2B produces a flux (f> 2 , 
which is proportional in mag- 
nitude and polarity to the ver- 
tical yoke current. The hor- 
izontal current that flows 
through the windings L IA and 
L IB produces a flux <£ 3A and <£ 3B . 
The fluxes c£ 3A and <£ 3B oppose 
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Fig. 352-Top and bottom pincushion correction circuit. 



each other because L IA and L IB 
are connected in phase opposi- 
tion. When the vertical yoke cur- 
rent is zero, as it is when the 
electron beam is at the center of 
the raster, the flux in the outer 
legs of the transformer is bal- 
anced, and <p 3A = <£ 3B . Therefore, 
no voltage is induced in L 2A or 
I^b , which are connected in series 
with the vertical yoke coils. At 
the other extreme, when the beam 
is at the top of the raster and 
vertical current is at its maximum 
positive value, the net flux <f> 
that tends to saturate the core in 
the left leg of the transformer is 



equal to <f>i + fa, and the flux in 
the right leg is equal to <pi — <j>2. 
The fluxes <f> iA and <£ 3B are no 
longer equal, and the flux in the 
center leg is equal to </> 3A — $ 3B . A 
voltage at the horizontal rate, 
proportional to $ 3A - <j> }B , is in- 
duced in L 2A and L 2B . At the 
bottom of the raster, when verti- 
cal yoke current is at its maximum 
negative value, the induced volt- 
age in L 2A and L 2B is proportional 
to $ 3B — <f> JA . At all points be- 
tween these extremes, the differ- 
ence between $ 3A and <£ 3B is di- 
rectly dependent on the magni- 
tude of fa or the vertical yoke 
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current. Therefore, a decreasing 
correction toward the center of 
the raster and a reversal in the 
phase of the correction between 
the two halves of the raster is 
achieved. 

Transformer windings L 2A and 
L 2B are tuned by capacitor Ci 
to approximately the horizontal 
scanning frequency in order to 
obtain proper phasing of the cor- 
rection voltage. This tuning re- 
sults in a correction signal which 
is sinusoidal in shape rather than 
the parabolic shape which is re- 
quired. However, because of the 
retrace time of the horizontal 
scan, only a portion of the sine 
wave is used and this represents 
an acceptable approximation of a 
parabolic waveform. 

Because it is impractical to 
adjust capacitor Ci or coil L M or 
L 2B in production to obtain prop- 
er tuning, the phase coil L3 is 
added. This coil is not in the mag- 
netic field of the saturable trans- 
former, and it can be varied to 
obtain the proper phasing with 
negligible effect on the amplitude 
of the correction. A resistive am- 
plitude control is used to adjust 
the amplitude of the correction. 

FUNCTIONAL DESCRIPTION 
OF SCR DEFLECTION SYSTEM 

In an SCR horizontal deflection 
system, the switching action re- 
quired to generate the scanning 
current in the horizontal yoke 
windings and the high-voltage 
pulse used to derive the dc oper- 
ating voltages for the picture tube 
is controlled by two SCR's that 
are used in conjunction with as- 
sociated fast-recovery diodes to 



form bipolar switches. 

The SCR deflection system 
operates directly from a conven- 
tional unregulated dc supply volt- 
age which may be as low as 140 
volts (or as high as 280 volts) 
and provides full-screen deflection 
at angles up to 90 degrees at full 
beam current. The current and 
voltage waveforms required for 
horizontal deflection and for gen- 
eration of the high-voltage are 
derived essentially from LC res- 
onant circuits. As a result, fast 
and abrupt switching transients 
which would impose strains on 
the solid-state devices are avoided. 

A regulator stage is included 
in the SCR horizontal deflection 
circuit to maintain the scan and 
the high- voltage within acceptable 
limits with variations in line volt- 
age. The equivalent source imped- 
ance of the high-voltage system is 
sufficiently low (about 1.5 meg- 
ohms) so that variation in high- 
voltage with beam current is well 
within commercial limits. The 
system also contains horizontal 
linearity and pincushion correc- 
tion circuits. 

Basic Deflection Circuit 

The basic SCR deflection circuit 
is shown in Fig. 353. The trace- 
switch diode D x and the trace- 
switch controlled rectifier SCR X 
provide the switching action 
which controls the current in the 
horizontal yoke windings L Y dur- 
ing the trace interval. The com- 
mutating-switch diode D c and the 
commutating-switch controlled 
rectifier SCR C initiate retrace and 
control the yoke current during 
the retrace interval. Inductor L R 
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Fig. 353-Basic circuit for generation of the deflection-current waveform in the horizontal 

yoke winding. 



and capacitors C R , C A and C y 
provide the necessary energy 
storage and timing cycles. In- 
ductor L cc supplies a charge path 
for capacitor C R from the dc sup- 
ply voltage (B+) so that the sys- 
tem can be recharged from the 
receiver power supply. The sec- 
ondary of inductor L cc provides 
the gate trigger voltage for the 
trace switch SCR. Capacitor C R 
establishes the optimum retrace 
time by virtue of its resonance 
with inductor L R . 

The SCR deflection system con- 
tains four active devices in addi- 
tion to a number of passive com- 
ponents. Each device conducts or 
blocks current at the appropriate 
time during the trace or retrace 
interval. In the discussion to fol- 
low each discrete interval is con- 
sidered separately. The effects of 
the auxiliary capacitor C A and 
the high-voltage transformer are 
initially neglected in order to sim- 
plify the explanation. 



First Half of Trace Inter- 
val — Fig. 354 shows the circuit 
elements involved and the voltage 
and current relationships during 
the first half of the trace inter- 
val, time To to T2. At time To, 
the magnetic field has already 
been established about the yoke 
by the circuit action during the 
retrace portion of the preceding 
cycle (explained in subsequent 
description of retrace interval). 
This magnetic field induces a flow 
of current in the yoke which de- 
cays from a maximum negative 
value at To to zero at T2 (when 
the energy stored in the yoke has 
been depleted). This current 
charges capacitor C Y to a positive 
voltage V CY through the trace 
switch diode D x . 

Just prior to time T2, the trace- 
controlled rectifier SCR T is made 
ready to conduct by the appli- 
cation of a positive gate voltage 
pulse V GATE . However, SCR T is 
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Fig. 354-Effeclive configuration of the 
deflection circuit during the first half of 
the trace interval, time To to T2, and op- 
erating voltage and current waveforms for 
the complete trace-retrace cycle. 

reverse-biased during the first 
half of trace and does not conduct 
until the second half of trace. 




Second Half of Trace In- 
terval — At time T2, all the 
energy stored in the yoke has been 
transferred to capacitor C Y , and 
yoke current has decayed to zero. 
Capacitor C y then begins to dis- 
charge through the yoke. The di- 
rection of yoke current is then 
reversed, and the trace switch 
diode D x becomes reverse-biased. 
SCR T is now forward-biased by 
the voltage V cx across the capaci- 
tor, and the capacitor discharges 
through the yoke inductance and 
SCR X , as shown in Fig. 355. Ca- 
pacitor C Y is sufficiently large so 
that V CY remains essentially con- 
stant throughout the trace and 
retrace intervals. This constant 
voltage results in a linear rise of 
current through the yoke induct- 
ance over the entire scan interval 
from To to T 5 . 

Start of Retrace Interval 

— Fig. 356 shows the circuit ele- 
ments involved at the start of 
retrace. At time T3, just prior to 
the end of the trace interval, the 
commutating controlled rectifier 
SCRc is turned on by a pulse ap- 
plied to its gate by the horizontal 
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Fig. 355-Effective configuration of the deflection circuit during the second half of the 
trace interval, time T2 to T3, and the complete scan-current waveform. 



336 



RCA Thyristor and Rectifier Manual 



oscillator. Commutating capacitor 
C R then discharges through SCRc 
and the commutating inductor L R . 
L R , C R and the yoke form a series 
resonant circuit with the series 
loop being completed by SCRc. 
The current in this loop, referred 
to as the commutating loop, builds 
up in the form of a half-sine wave 
pulse. The yoke current which 
had been flowing in SCR T now 




92CS-2I787 

Fig. 356-Effective configuration of the 
deflection circuit and significant voltage 
and current waveforms for initiation of 
retrace, time Ti to 7V 



divides between SCR X and SCRc. 
When the current through SCRc 
exceeds the yoke current (at time 
T4), all the yoke current has trans- 
ferred from SCR T to SCRc. Th e 
trace switch diode D x becomes 
forward biased at time T4, and the 
excess current in the commutat- 
ing pulse is bypassed around the 
yoke winding and the trace SCR 
through the trace diode D x . During 
the interval from T4 to Ts, the 
trace switch controlled rectifier 
SCR T is reverse-biased by the 
amount of the voltage drop across 
diode D T . SCR X , therefore, is 
turned off during this period and 
recovers its ability to block the 
forward voltage that is subse- 
quently applied. 

First Half of Retrace Inter- 
val — At time Ts, the commutat- 
ing pulse is no longer greater than 
the yoke current, as shown in Fig. 
357, and trace-switch diode D T 
ceases to conduct. The yoke in- 
ductance maintains the flow of 
yoke current, but with SCR T in the 
off-state, this current now flows 
in the commutating loop formed 
by L R , C R , and SCR C . Time Ts 
is the beginning of trace. L R , C R , 
L Y , C Y , and SCRc form a resonant 
circuit. A half-sine wave of cur- 
rent flows in this loop during the 
retrace interval. This current 
charges capacitor C R with an op- 
posite polarity voltage, that 
reaches a maximum value at time 
Te. 

Second Half of Retrace Interval 

— At time Te, the energy stored in 
the yoke inductance is depleted, 
and the stored energy in the re- 
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Fig. 357-Effertive configuration of the 
deflection circuit and operating voltage 
and current waveforms during the first 
half of retrace, time Ts to To. 

trace (commutating) capacitor is 
then returned to the yoke. During 
the reversal of yoke current, the 
commutating switch diode D c pro- 
vides the return path for the loop 
current as indicated in Fig. 358. 

SCRc is reverse biased by the 
amount of the voltage drop across 
diode D c . This SCR, therefore, 
turns off and recovers its forward 
blocking capability. As the yoke 
current builds up in the negative 



direction, the voltage on the re- 
trace capacitor C R is decreased. 
At time To, the voltage across 
capacitor C R no longer provides 
a driving voltage for the yoke 
current to flow in the loop formed 
by L R , C R , and L Y . The yoke cur- 
rent finds an easier path up 
through trace switch diode D x , as 
shown in Fig. 359. This action 
represents the beginning of the 
trace for the yoke current, (i.e. 
the start of a new cycle of opera- 
tion), time To. 

Once the negative yoke current 
is decoupled from the commutat- 
ing loop by the trace switch diode, 
the current in the commutating 
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Fig. 358-Effective configuration of the 
deflection circuit and operating voltage 
and current waveforms during the second 
half of retrace, lime T s to To. 
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Fig. 359-Effective configuration of the 
deflection circuit during the switchover 
from retrace to trace, time To. 

circuit decays to zero. The stored 
energy in the inductor L R charges 
capacitor C R to an initial value of 
positive voltage. The resonant 
frequency of L R and C R is high, 
so that this transfer is accom- 
plished in a relatively short time, 
To to Ti as shown in Fig. 358. 

Recharging and Resetting Ac- 
tions — The energy in the com- 
mutating capacitor C R is used to 
re-supply energy to the yoke dur- 
ing the retrace interval so that the 
proper amount of yoke current is 
established for the beginning of 
trace. Energy delivered to the 
yoke by C R is replaced from the B 
plus supply through the input re- 
actor L cc . An auxiliary winding 
(or a tap on the main winding) on 
L cc provides the gate signal to 
make the trace SCR ready for 
conduction at the beginning of the 
second half of trace. 

During the retrace period, L cc 
is connected between B plus and 
ground by the conduction of either 
the commutating-switch SCR or 
diode (SCRc or Dr), as indicated 
in Fig. 360. When the diode and 



the SCR cease conduction, how- 
ever, the path from L cc to ground 
is opened. The energy stored in 
inductor L cc during the retrace 
interval then charges capacitor 
C R through the B plus supply, 
as shown in Fig. 361. This charg- 
ing process continues through 
the trace period until retrace is 
again initiated. The resultant 
charge on capacitor C R is used 
to resupply energy to the yoke 
during the retrace interval. 

The voltage developed across 
the input reactor L cc during the 
charging of capacitor C R is used 
to forward-bias the gate electrode 
of the trace SCR so that this SCR 
is ready to conduct when the cen- 
ter of scan has been reached. This 
voltage is inductively coupled 
from L cc and applied to the gate 
of SCR X through a wave-shaping 
network made up of inductor L G , 
capacitor C G and resistor Rq. The 




92CS -2 1791 

Fig. 360-Circuit elements and current 
path used to supply energy to the charg- 
ing choke L cc during period from the start 
of retrace switching action to the end of 
the first half of the retrace interval, time 
Ts to Tu 

resulting signal applied to the gate 
the proper shape 
so that, when for- 



of SCR T has 
and 
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Fig. 361 -Effective configuration of the deflection circuit for resetting (application of 
forward bias to) the trace SCR and recharging the retrace capacitor C R , during time 

interval from T2 to Is. 



ward voltage is applied between 
anode and cathode, approximately 
midway through the trace period, 
SCR T conducts. 

Effect of Auxiliary Capacitor 

C A — In the preceding discussion, 
the effect of capacitor C A was 
neglected. This capacitor affects 
some of the circuit waveforms, 
as shown in Fig. 362. Capacitor 
C A also lengthens the turn off time 
requirement of the trace SCR, 
reduces the retrace time, provides 
additional energy-storage capa- 
bility for the circuit, and reduces 
the rise time of the retrace voltage 
across the trace switch. 

During most of the trace inter- 
val (from time To to T4), including 
the interval during which the com- 
mutating pulse occurs, (T3 to T4), 
the trace switch is closed, and 
capacitor C A is in parallel with 
the retrace capacitor C R . From the 
start of retrace at time T4 to the 
beginning of the next trace interval 
at time To, the trace switch is 



open. For this condition, capacitor 
C A is in series with the yoke L Y 
and the retrace capacitor C R so 
that the capacitance in the retrace 
circuit is effectively decreased. 
As a result, the resonant fre- 
quency of the retrace circuit is 
increased, and the retrace time is 
reduced. 

The auxiliary capacitor C A is 
also in parallel with the retrace 
(commutating), inductor L R . The 
waveshapes in the deflection cir- 
cuit are also affected by the re- 
sultant high-frequency resonant 
discharge around this loop. The 
voltage and current waveforms in 
Fig. 362 illustrate the effect of 
the capacitor C A . 

The auxiliary capacitor also 
helps to prevent the fast-rise-time 
voltage developed by the flyback 
transformer from appearing across 
the trace switch. Fig. 363 shows 
the basic trace switch circuit and 
the waveforms developed across 
this circuit with and without the 
auxiliary capacitor. These wave- 
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Fig. 362-Circuit configuration showing 
the addition of auxiliary capacitor C A and 
current and voltage waveforms showing 
the effect of this capacitor. 
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forms show that the integrating 
action of the auxiliary capacitor 
eliminates the initial steep rise 
of the retrace voltage pulse. 

High-Voltage Generation 

The SCR horizontal deflection 
system generates the high-voltage 
for the picture tube in essentially 
the same manner as has been used 
for many years in television re- 
ceivers, i.e., by transformation 
of the horizontal retrace pulse to 
a high voltage with a voltage step- 
up transformer and subsequent 
rectification of this stepped-up 
voltage. In common with other 
solid-state receiver designs, a 
solid-state high-voltage multiplier 
is used as the high-voltage recti- 
fier. A high-voltage rectifier tube, 
such as the 3CZ3, or a solid-state 
high- voltage "stack" rectifier 
could also be used, although the 
increased source impedance in the 
high- voltage transformer would re- 
sult in slightly poorer high-voltage 
regulation with beam current. 

High- Voltage Regulation 

The use of a silicon voltage 
multiplier for the high-voltage 
rectifier, together with very tight 
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Fig. 363-Simplified schematic of trace- 
switch circuit and waveforms showing 
effect of auxiliary capacitor on the rise 
time of the retrace voltage pulse. 
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coupling between the primary and 
secondary of the high-voltage 
transformer, results in a high- 
voltage system that has very low 
internal impedance. As a result, 
it is necessary to regulate the high- 
voltage only against changes in 
line voltage. The regulator shown 
in Fig. 364 is non-dissipative (re- 
active), and provides good reli- 
ability at low cost. 



the line voltage. This pulse is 
rectified and used as the collector 
voltage source for the regulator 
transistor. By means of a resistive 
voltage divider and a zener diode, 
it also provides base bias to the 
regulator transistor when the volt- 
age, as determined by the resistive 
divider, exceeds the zener volt- 
age. The transistor conducts and 
current flows through the con- 
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Fig. 364-Schematic diagram and current and voltage waveforms for high-voltage 

regulator circuit. 



A supplementary winding on 
the high voltage transformer pro- 
vides a voltage pulse which is 
proportional to the B plus voltage. 
The B plus voltage varies directly 
with line voltage so that the volt- 
age pulse provides an excellent 
reference for sensing variations in 



trol winding of the saturable re- 
actor. This current saturates the 
core of the saturable reactor (to 
a degree dependent upon the base 
voltage applied to the regulator 
transistor), and the inductance of 
the load winding decreases sharp- 
ly. The load winding, which is in 
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parallel with the input reactor 
L cc , limits the amount of energy 
that can be stored in L cc and, 
therefore, the amount of energy 
that can be stored in L R , C R , and 
C A . Consequently, as line voltage 
increases, the amount of energy 
stored in these components is 
limited, and the increase in high 
voltage is limited accordingly. If 
line voltage decreases, the pulse 
voltage applied to the regulator 
circuit is reduced, less current 
is drawn by the regulator transis- 
tor, and the degree of core satura- 
tion of the saturable reactor is 
reduced. Consequently, more 
relative energy can be stored in 
L cc , even though the input voltage 
to the system is reduced, and the 
high- voltage remains constant. 

The high-voltage regulator, as 
mentioned previously, dissipates 
very little energy and keeps the 
high-voltage constant with varia- 
tions in horizontal oscillator fre- 



quency or with component values. 
The response time of the system 
is very short so that essentially 
every horizontal line is regulated. 
Although the major function of the 
system is to maintain a constant 
high voltage (and scan) with varia- 
tions in line voltage, it does pro- 
vide some supplemental regulation 
of high voltage for variations in 
picture-tube beam current, be- 
cause there is some variation in 
B plus voltage with power drawn 
from the high- voltage supply. 

The "Boost" Regulator Cir- 
cuit shown in Fig. 365 is another 
type of non-dissipative regulator 
circuit designed for use with the 
SCR deflection system. This cir- 
cuit generates a controllable 
"boost" voltage which is added 
to the rectified line voltage. For a 
low ac line voltage of 105-volts, 
this regulator circuit provides a 
dc boost voltage of about 40 volts. 
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As line voltage increases, the 
boost voltage decreases until at an 
ac line voltage of 135 volts the dc 
boost voltage is zero. The effec- 
tive dc supply voltage E cc , is 
about 165 volts, regulated for ac 
line voltages between 105 and 135 
volts. An SCR is used for active 
regulation. 

The controllable boost voltage 
is rectified from winding Ni on the 
storage inductor L cc at the time 
when the commutating switch in 
closed (L cc is then connected 
across the supply voltage). The 
regulator SCR is gated by a posi- 
tive sawtooth which is formed 
from the voltage at the winding 
Ni. The voltage is first clipped 
by zener Zu and then integrated 
by resistor R12 and capacitor Cu. 
The ramp voltage on capacitor 
Cu is then amplified by the trans- 
istor to provide the trigger current 
to the regulator SCR. For a line 
voltage of 105 volts, the composite 
supply voltage E cc , across C10 
is less than 160 volts, the con- 
duction time of zener Z10 is very 
short, and the ramp current trig- 
gers SCR R into conduction at time 
Zo. The current through SCR R 
charges C10. The current that 
charges C10 will increase as long 
as commutating switch S c is closed 
and then decrease when S c opens 
(S c is closed for about 27 micro- 
seconds). When SCR R starts con- 
duction at t D , the highest boost 
voltage is developed to maintain 
E cc ', at 165 volts at low line volt- 
age. The rate of current rise 
through SCR R is controlled by 
inductor L10 and the leakage in- 
ductance between winding Ni and 
the storage inductor L cc . 



For a line voltage higher than 
105 volts, the composite supply 
voltage is greater than 160 volts. 
This higher voltage then causes 
Z10 to conduct for a longer time. 
The ramp voltage on capacitor 
Cu is, therefore, reduced, and 
SCR R is triggered at a time later 
than t D . As a result, the conduction 
time for SCR R is shorter and, 
consequently, less charge is de- 
veloped on capacitor C10. 

Auxiliary Power Supplies 

In solid-state television receiv- 
ers, several power supply voltages 
are normally required. These sup- 
plies may include those for the 
horizontal-deflection, vertical- 
deflection, video-amplifier, and 
signal-processing stages. 

Such supply voltages can be ob- 
tained by special windings on a 
main power transformer with a 
separate rectifier and filter sys- 
tem for each supply. The power 
transformer represents a major 
cost item in a color receiver, so 
a significant cost-reduction could 
be made if the power transformer 
could be eliminated. Elimination 
of the power transformer can be 
achieved by deriving the various 
supply voltages from the deflec- 
tion system. Figure 366 shows a 
number of arrangements which 
can be used to derive auxiliary 
supply voltages from the SCR 
deflection system. Because these 
supplies involve the rectification 
of the 15-kHz horizontal scanning 
frequency, filtering is relatively 
simple. However, since the fre- 
quency being rectified is high, fast 
recovery diodes must be used for 
the rectifiers. 
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Fig. 366-Various circuit arrangements for developing auxiliary low voltages from 

the SCR deflection system. 



SCR's have much greater power 
handling capability than that 
normally required for deflection, 
so the SCR system is particularly 
suited to systems which derive 
auxiliary voltages from the de- 
flection system. 

SCR DEFLECTION 
CIRCUITS FOR COLOR 
TV RECEIVERS 

Fig. 367 shows a complete SCR 
television horizontal deflection 
system designed to deflect the 
beam of a standard 90-degree 



color picture tube. In this circuit, 
a supply voltage of 250 volts for 
the video output stage is obtained 
by an "overwind" on the input 
reactor. A supply voltage of 40 
volts is developed for the small- 
signal stages of the receiver by 
rectification of a pulse obtained 
from a supplementary winding on 
the high- voltage transformer. The 
linearity-correction circuit is es- 
sentially the same as that shown 
earlier in Fig. 348. The side-pin- 
cushion correction circuit is bas- 
ically the same as that shown in 
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Fig. 367-Line-operated, SCR horizontal-deflection system for 90-degree color picture 

tubes. 



Fig. 350, with the exception that 
only a single transistor is needed 
to provide the required correc- 
tion. The regulator circuit is es- 
sentially identical to that shown 
in Fig. 364. 

In the circuit shown in Fig. 
367, the commutating coil and the 
input reactor are combined on a 
single E-type Ferrite core. Inter- 
action between the input reactor 
and the commutating coil is 
avoided by separation of the com- 
mutating winding into two equal 
sections which are wound on the 
two outside legs of the E-type 
core. Because each coil contains 
exactly the same number of turns, 
the magnetic fields about each 
winding are such that they cancel 
in the center leg of the core, as 



shown in Fig. 368. The input re- 
actor is wound on the center leg 
of the stack; consequently, there 
is no interaction between the 
commutating coil and the input 
reactor. If cost is not a major 
consideration, the input reactor 
and the commutating coil can be 
wound on separate cores. 
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Fig. 368-Cancellation of fields from com- 
mutating coil. 
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Fig. 369-<a) Separate SCR and 

In both the trace and commu- 
tating switches of an SCR deflec- 
tion system, the rectifier is con- 
nected directly across its associ- 
ated SCR. A logical advance in 
device development would be to 
combine the SCR and the recti- 
fier on a common silicon substrate 
as shown in Fig. 369. 

When a separate SCR and recti- 
fier are used in the deflection 
circuit, the SCR cathode is short- 
ed to the rectifier anode and the 
SCR anode is shorted to the recti- 
fier cathode by external connec- 
tions. In the combined device, 
these elements are shorted to- 
gether through the lead metalliza- 
tion on the surface of the pellet. 

The combined device is really 
an SCR which conducts in the 
reverse as well as the forward 
direction, and might properly be 
termed a reverse-conducting SCR. 
However, it is also an SCR (thy- 
ristor) integrated (combined) in 
the same pellet with a rectifier, 
so it has been commonly called 
an ITR, which is an abbreviation 
for Integrated Thyristor and Recti- 
fier. Use of such a device re- 
presents a savings in receiver as- 
sembly, because only two devices 
need be wired into the circuit in- 
stead of four. It also represents 
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a potential savings in device cost, 
because the ultimate cost of two 
ITR's should not be appreciably 
different from the cost of two 
individual SCR's. 

The ITR is directly applicable 
to circuitry previously developed 
to use separate SCR's and recti- 
fiers. Adequate power-handling 
capability is available for any 
known color television deflec- 
tion application. 

Since the announcement of the 
90° Precision-in-Line color pic- 
ture tube with its integral torroidal 
yoke, the availability of 100° color 
picture tubes in Europe with the 
PST torroidal yoke, and the samp- 
ling of 110° color picture tubes 
in the U.S., some work has been 
done on the development of a 
"universal" circuit for the two 
tubes. A simplified schematic of 
such a circuit is shown in Fig. 370. 
In this schematic, the component 
values for the P.I.L. tube which 
differ from those for the 1 10° tube 
are shown in brackets. This parti- 
cular circuit has been designed 
for use with the relatively high 
B-supply voltage which would be 
available in a European receiver. 
Some adjustment of the com- 
ponent values would be required 
for operation in a U.S. receiver 
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Fig. 370-Simplified schematic diagram of a "universal" circuit adaptable to 90° and 

110° picture tubes. 



which might have a B-supply of 
250 volts. The high-voltage ca- 
pability of the ITR is an advan- 
tage in this circuit, since both 
trace and commutating switches 
must be rated above 700 volts. 

Fortunately the voltage across 
the 90° P.I.L. yoke and the 110° 
PST yoke for full scan is the same. 
Therefore, the same high- volt- 



age transformer can be used for 
both the 90° and 110° systems. 
In order to meet the voltage rating 
on the P.I.L. yoke, the low end 
of the yoke is returned to ground 
through a 5-turn bucking winding 
on the high-voltage transformer. 
This winding is not used with the 
110° yoke. 

For a deluxe receiver, provision 
for adjustment of width is desir- 
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able in order to compensate for 
variations in circuit tolerances. 
This adjustment is provided by 
using a small variable inductor 
in series with the commutating 
inductor. A width adjustment of 
approximately ±4 percent is pro- 
vided by this control with negligi- 
ble effect on high voltage or high- 
voltage regulation. 

When the vertical dc supply 
voltage is obtained by rectifying a 
pulse from the horizontal system 
as shown in Fig. 370, it is possible 
to obtain side pincushion correc- 
tion with a minimum of added 
circuit components. The filter 
capacitor for the vertical supply is 
made somewhat smaller than 
would be required to provide pure 
dc at the output of the vertical 
supply rectifier. Current through 
the vertical supply rectifier and 
voltage output of the vertical sup- 
ply are shown in Fig. 371. 
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Fig. 371-Current through the vertical sup- 
ply rectifier and voltage output of the 
vertical supply. 

It can be seen that current 
drawn by the vertical circuit is a 
maximum at the beginning and 
end of scan and a minimum at 
the center of scan. This current 
represents a load on the horizon- 
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tal scan circuit, reducing scan at 
the top and bottom of the picture, 
thus providing side pincushion 
correction. The series inductor L v , 
in combination with Ci, C2, and 
Ri modify the loading to provide 
symmetrical correction. This 
method of side pincushion correc- 
tion is applicable to any horizon- 
tal deflection circuit using either 
ITR's or SCR's if the voltage sup- 
ply for vertical deflection is de- 
rived from the horizontal deflec- 
tion system. 

SCR DEFLECTION 
SYSTEM FOR MONOCHROME 
TV RECEIVERS 

Monochrome (black and white) 
television receivers normally do 
not require the degree of high- 
voltage regulation used for a color 
receiver. In addition, because 
only one electron beam is in- 
volved, convergence errors do not 
exist, and simple permanent mag- 
nets in the deflection yoke can be 
used for raster correction. As a 
result, a monochrome deflection 
circuit can be considerably sim- 
plified as compared to one for a 
color receiver. Fig. 372 shows a 
horizontal deflection circuit for a 
monochrome television receiver. 
This circuit is similar to the color 
deflection circuits previously dis- 
cussed except that no regulator 
circuit is used. High voltage and 
scan will vary with line voltage 
in a manner similar to a conven- 
tional tube-type receiver. If regu- 
lation is desired, one of the regu- 
lator circuits previously discussed 
could be added to the circuit. 
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Fig. 372-Schematic diagram of a deflection circuit for a black and white receiver 
operating from a simple half-wave line rectifier with no regulation. 
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Capacitive-Discharge 
Ignition Systems 



The increasing use of solid-state 
ignition systems in the automotive 
industry has stimulated demands 
for improved performance, reduc- 
tion in emissions that results be- 
cause more accurate spark timing 
is achieved with magnetic-pickup 
distributors, and greater reliabil- 
ity. The following discussion 
covers the basic operation of and 
the requirements for SCR capaci- 
tive-discharge automobile igni- 
tion systems and small-engine ig- 
nition circuits. 

BASIC CONSIDERATIONS 
FOR AUTOMOTIVE SYSTEMS 

Under worst-case conditions, 
about 22 kilovolts are required to 
ignite the combustible mixture in 
the cylinder of an automobile en- 
gine. In addition, a minimum 
energy of about 20 millijoules 
must be available in the spark to 
assure propagation of a stable 
flame front originating at the 
spark. The exact values of voltage 
and energy required under all 
operating conditions depend on 



many factors, including those de- 
scribed in the following para- 
graphs. 

Condition of Spark Plugs 

Fouled plugs reduce both the 
voltage and the energy available 
for ignition. The plug gap also 
affects both the voltage and the 
energy required. As the plug gap 
is increased, the required voltage 
increases, but the required en- 
ergy decreases. 

Cylinder Pressure 

The cylinder pressure depends 
on both the compression at the 
point of ignition and the air-fuel 
mixture. The minimum breakover 
voltage in any gas is a function of 
the product of gas pressure and 
electrode spacing (Paschen's 
Law). In automobile engines, the 
minimum voltage increases as 
this product increases. There- 
fore, higher pressures also re- 
quire higher voltages. However, 
the energy required decreases as 
the pressure increases and in- 
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creases as the fuel-air mixture 
moves away from the optimum 
ratio. Worst-case conditions oc- 
cur when the engine is started, 
at idle speeds, and during accler- 
ation from a low speed because 
carburetion is poor and the fuel- 
air mixture is lean. The combina- 
tion of a lower cylinder pressure 
and a dilute fuel-air mixture re- 
sults in a high energy requirement 
under these conditions. 

Plug Polarity 

The center electrode of the 
spark plug is hotter than the out- 
side electrode because of the 
thermal resistance of the ceramic 
sleeve that supports it. If the cen- 
ter electrode is made negative, 
the effect of thermionic emission 
from this electrode can reduce the 
required ignition voltage by 20 to 
40 per cent. 

Spark-Plug Voltage Waveshape 

The spark-plug voltage wave- 
shape is shown qualitatively in 
Fig. 373. The voltage starts to 
rise at point A, and reaches igni- 
tion at point B. The region from 
B' to C represents the sustaining 
voltage for ionization across the 
spark plug. When there is insuffi- 
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Fig. 373-Ignition-voltage waveshape. 



cient energy left to maintain the 
discharge (at point C), current 
flow ceases and the remaining 
energy is dissipated by ringing. 
The final small spike at point D 
occurs when the ignition coil again 
starts to pass current. 

The two most important char- 
acteristics of the voltage wave- 
shape are its rise time (from A to 
B) and the spark duration (from 
B' to C). A rise time that is too 
long results in excessive energy 
dissipation with fouled plugs; a 
rise time that is too short can 
lead to radiation losses of the 
high-frequency voltage compo- 
nents through the ignition har- 
ness. The minimum rise time 
should be about 10 microseconds; 
a 50-microsecond rise time is ac- 
ceptable. Conventional systems 
have a typical rise time of about 
100 microseconds. It should be 
noted that, at an engine speed of 
5000 revolutions per minute, one 
revolution takes 12 milliseconds. 
Engine timing accuracy is usually 
no better than 2 degrees, which 
corresponds to 67 microseconds. 
The error caused by the rise time 
is therefore comparable to normal 
timing errors. At normal cruising 
speeds (about 2000 revolutions per 
minute), the 2-degree timing error 
corresponds to about 165 micro- 
seconds and rise-time effects are 
negligible. 

Energy Storage 

The energy delivered to the 
spark plug can be stored in either 
an inductor or a capacitor. After 
the storage element is discharged 
by ignition, it must be recharged 
before the next spark plug is 
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fired. For an eight-cylinder engine 
that has a dwell angle of 30 de- 
grees, the time t between ignition 
pulses (in milliseconds) is equal 
to 15000 divided by the engine 
rpm, and the time t on during 
which the points are closed is 
equal to 10000/rpm. When the 
engine rpm is 5000, t on is 2 milli- 
seconds. For either an inductive 
or a capacitive storage system, 
therefore, the charging- time con- 
stant should be small compared 
to 2 milliseconds. 

BASIC 

CAPACITIVE-DISCHARGE 
SYSTEMS 

Two basic capacitive-discharge 
ignition circuits are shown in Fig. 
374. It is important to note that the 
transformer serves simply as a 
pulse transformer. Therefore, per- 

PULSE 




CONTROL 
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Fig. 374-Basic configuration for capa- 
citive-discharge ignition circuits; (a) stor- 
age capacitor connected across input 
voltage source; (b) storage capacitor con- 
nected in series with input voltage source 
and pulse transformer. 
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formance at high engine speeds is 
not affected by the transformer 
primary inductance but, instead, 
is governed by the time required 
to charge capacitor C to the de- 
sired voltage level. The dc 
sources for these basic circuit 
representations are covered later. 

Circuit Operation 

The trigger-control circuit 
(which can be a transistor switch) 
is controlled by the distributor 
points. More sophisticated distri- 
butor control, such as that avail- 
able from distributors in which 
the voltage pulses are derived 
magnetically or photo-optically, 
can also be used to control the 
trigger circuit. The capacitor is 
charged to the dc voltage; the 
stored energy e is equal to C(V c ) 2 /2. 
where V c is the capacitor voltage. 
At the appropriate time, the trig- 
ger-control circuit fires the silicon 
controlled rectifier (SCR). The ca- 
pacitor discharges through the 
transformer, which steps up the 
voltage to a value V s equal to 
KNV C , where N is the transformer 
turns ratio and K is a constant 
that is dependent mainly on the 
value of the capacitance and of 
the transformer leakage induc- 
tance and generally ranges be- 
tween 1. and 1.5. The stored en- 
ergy is thus delivered to the 
spark plug in the form of a high- 
voltage pulse. Typical values for 
V c and C are about 350 volts and 
1 microfarad, respectively. Thus 
the energy e is about 60 milli- 
joules. 

Because the energy dissipated 
in the spark gap is equal to the 
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energy stored in the capacitor 
minus the losses in the trans- 
former and SCR, the energy avail- 
able in the system is relatively 
easy to calculate. Examination of 
the basic circuits shows that the 
energy is transferred only when 
the SCR is forward conducting 
with the gate biased on. However, 
part of the energy is not available 
in the basic circuit because the 
capacitor and inductor form a 
turned circuit when the SCR is 
on, and the energy that would 
normally flow back from the in- 
ductor to the capacitor is stopped 
by the high reverse impedance of 
the SCR. This energy is, there 
fore, lost as available spark en- 
ergy. The duration of the spark is 
limited, then, to approximately 
one-half cycle of the natural LC 
frequency of oscillation. Some of 
the energy lost can be regained 
and used to increase the spark 
duration by installing a diode in 
the basic circuits of Fig. 374 as 
shown in Fig. 375. The diode not 
only bypasses the reverse im- 
pedance of the SCR but elimi- 
nates the possibility that the SCR 
might conduct in the reverse di- 
rection should the gate of the SCR 
be biased on at this time. Thus, 
in addition to improving system 
low-temperature performance by 
increasing spark duration, the 
diode reduces the possibility of 
excessive heating and damage to 
the SCR that could accompany 

reverse conduction, and thereby 
reduces the over-all cost of the 
system by reducing the reverse 
blocking requirement of the SCR. 
The ratio of spark duration to 
charging time decreases with in- 
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Fig. 375-Basic circuit configurations 
shown in Fig. 374 modified by the addition 
of a diode in shunt with the SCR switch- 
ing device. 

creasing RPM so that in some ap- 
plications an RPM limit may be 
reached below the desired maxi- 
mum because of the charging-time 
requirements. 

Technical Features 

One significant feature of the 
capacitive-discharge system is 
that the input power increases 
directly with the increased spark- 
plug power required as engine 
speed increases. In the inductive- 
discharge system, on the other 
hand, the opposite is true, as 
shown in Fig. 376. The required 
power is the product of the en- 
ergy required per ignition pulse 
and the number of ignition pulses 
per second. 

In the capacitive-discharge sys- 
tem, input power can be made 
proportional to the required power 
because the capacitor is charged 
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Fig. 376-Ignition power requirements. 

once per ignition pulse and holds 
this charge until needed. In addi- 
tion, feedback can be used to turn 
the converter off after the capaci- 
tor is charged and thus cut off 
the input power to the system. 
The input power can therefore 
be made proportional to engine 
speed, and higher efficiency can 
be achieved at all speeds. The 
curve shown in Fig. 376 applies 
for a commercially available ca- 
pacitive-discharge system. The 
higher efficiency of this system 
is apparent. 

A second important advantage 
of the capacitive-discharge system 
is that faster rise times are more 
readily obtained because the trans- 
former acts only as a pulse trans- 
former and not as an energy- 
storage element. Therefore, its 
high-frequency response charac- 
teristic is governed by its leakage 
inductance, which is much smaller 
than the primary magnetizing in- 
ductance. This advantage is ob- 
tained even when a conventional 
ignition coil is used as the pulse 
transformer. Secondary-voltage 
rise times of about 15 to 30 micro- 
seconds are readily obtained. As 
discussed previously, the shorter 
rise time greatly enhances the 



ability of this system to fire fouled 
plugs. 

A major operating point that 
must be considered in the capaci- 
tive-discharge system is when to 
charge the capacitor. In some sys- 
tems the capacitor is charged 
soon after discharge, in others, 
just before discharge. The second 
method is the better in that it 
minimizes the losses resulting 
from leakage, but this advantage 
is somewhat negated because of 
the precise timing required to 
institute the charge just prior to 
discharge. This requirement can 
result in complex mechanical or 
electrical arrangements. 

Component Requirements 

In a capacitive-discharge igni- 
tion system, the forward blocking 
voltage of the SCR must be 
greater than about 400 volts, and 
its current-handling capability 
must be about 5 amperes. The 
SCR firing characteristics as a 
function of temperature are im- 
portant, and must be taken into 
account in the design of the trig- 
ger circuit. Because the specifica- 
tions of the spark coil are usually 
known, the design of an ignition 
circuit is usually begun there; 
capacitor size and voltage are de- 
termined from these known quan- 
tities. The capacitor chosen de- 
termines the spark-gap duration 
and the charging time required; 
the reliability of the system is 
almost directly related to the re- 
liability of this component. No 
recommendations for this capa- 
citor are made here except that 
the user is reminded that the 
high peak current which flows 
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through the SCR also flows 
through this capacitor, neces- 
sitating that the capacitor be as 
carefully chosen as the SCR. 

The limit on charging time is 
the dv/dt rating of the SCR. By 
using the capacitor size and the 
dv/dt rating of the SCR, the 
charging current required is de- 
termined by applying the formula 
L = Cdv/dt. This formula can 
also be used to determine the 
peak current and its duration, 
and the rate of rise of current. 
The rate of rise of the current 
should be checked against the 
limiting circuit value, the di/dt 
rating of the SCR. 



Table XVIII— SCR Parameter 
Values of Importance in 
Ignition Circuits 



Idrom when V D = V Capacitor + 20% 
at a case temperature T c 
of 100°C. 

Irrdm when V R = 25 volts when 
using a diode as in the circuit 
of Fig. 375 

or 

when V R = V peak reverse due 
to flywheel effect in the 
flywheel charged system. In 
both cases, T c is 100°C. 

v T when I = I peak , the value of 
v T is approximately 2.5 to 
4 volts depending on current 
pulse amplitude, repetition 

rate, and case temperature. 

V gate at 12 volts with R A = 30 
ohms. V gate and I gate will be 
maximum or minimum lim- 
its depending on trigger- 
circuit requirements. Higher 
limits help prevent spurious 

firing as a result of noise. 



The SCR parameter values that 
must be specified to assure re- 
liable device operation in igni- 
tion circuit applications are shown 
in Table XVIU. 

The ignition coil used in the 
capacitive-discharge circuit can 
be a specially wound low-induc- 
tance unit or the existing coil. 
The existing coil has an advan- 
tage in that it can be used with 
a breaker-point distributor to pro- 
vide the ignition function in the 
event of an electronic failure. The 
major disadvantage of the use of 
the existing coil is that the bene- 
fits of ignition pulses with sharp 
rise times, the type of pulses need- 
ed to fire fouled spark plugs, are 
reduced because of the inductance 
of the coil. Because of the ease of 
obtaining a trigger pulse and the 
circuit simplicity, the SCR capaci- 
tor-discharge system is used al- 
most exclusively on small engines. 



TYPES OF CAPACITrVE- 
DISCHARGE SYSTEMS 

There are three systems in 
which capacitor-discharge ignition 
circuits can be used to good ad- 
vantage; the flywheel-charged 
small-engine system, the line- 
charged ignitor used with gas- 
operated applicances such as 
dryers and furnaces, and the in- 
verter-charged system such as 
that used in automotive and sta- 
tionary engine systems. All of 
these systems are operated simi- 
larly in that energy stored in a 
capacitor is transferred to a spark 
gap through a transformer and 
SCR. 
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The circuit of Fig. 377 is typi- 
cal of that used in the three sys- 
tems. The ac potential across 
transformer Ti is rectified by di- 
ode D2, and charges capacitor Ci 
to the required voltage. Resistor 
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Fig. 377-Typical circuit configuration for 
a capacitor-discharge ignition system. 



Ri limits the current and pre- 
vents the SCR from firing as a re- 
sult of the imposition of a dv/dt 
value in excess of the capability 
of the SCR. The combination of 
diodes Di and D2 prevents the 
charging winding of transformer 
Ti from impressing a high re- 
verse voltage across the SCR. Re- 
sistor R2 damps variations in the 
input impedance of the SCR. The 
SCR is triggered at the appropri- 
ate time, and the energy stored in 
the capacitor is transferred into 
the primary of T2, thus causing a 
spark at the spark gap. The volt- 
age required to break down the 
spark gap is a function of the 
spacing of the electrodes and 
pressure in the cylinder in the 
vicinity of the gap. The spark in 
the gap lasts until the value of 
current passing through the SCR 
is below its holding current. When 
the SCR stops conducting, Di and 
D2 start conducting in the reverse 
direction and lengthen spark dura- 
tion. After the SCR turns off, Ci 



is discharged, and the circuit is 
ready to repeat the cycle. 

Flywheel-Charged Systems 

Some of the simplest ignition 
systems are constructed using the 
flywheel-charging method as this 
method affords a reliable circuit 
with a minimum of active com- 
ponents. The system makes use 
of a rotating magnetic field to 
charge the capacitor and to trig- 
ger the SCR; mechanical posi- 
tion determines timing. The de- 
signer has several options in the 
determination of when the charg- 
ing of the capacitor takes place 
in the flywheel system. The most 
advantageous time occurs just 
before the capacitor is to be dis- 
charged. However, some voltage 
regulation problems must be con- 
sidered. Because V = Nd</>/dt 
where d</> and N are constant, the 
voltage produced across the 
charging winding varies with 
RPM. At low flywheel speeds, 
there may not be enough voltage 
available to produce the energy 
required; at high flywheel speeds, 
it is possible to have too high a 
voltage and therefore to exceed 
the voltage breakdown rating of 
the SCR and cause premature 
triggering. If the breakdown 
voltage rating of the capacitor is 
also exceeded, the capacitor will 
be damaged. Therefore, some 
means of accommodating or regu- 
lating the voltage must be con- 
sidered. 

The design of the trigger coil 
is also important. It must be 
capable of providing voltages 
and currents high enough to gate 
the SCR into conduction at all 
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temperatures and RPM. In addi- 
tion, consideration should be 
given to the fact that the gate 
pulse should end before the cur- 
rent through the SCR ceases to 
flow so that the device is not 
gated during the period of reverse 
voltage. 

As is evident in the above dis- 
cussion, a major factor in the 
performance of the flywheel igni- 
tion circuit is the design of the 
magnetic components used for the 
triggering and charging functions. 
A typical example of a flywheel- 
charged ignition circuit is shown 
in Fig. 378. 
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Fig. 378-Flywheel-charged igniter circuit. 

Inverter-Charged Systems 

A system that eliminates the 
dependence on the rotational 
speed of the flywheel magnetics 
is the inverter-charged system. 
This system is used where a bat- 
tery is available, such as in an 
automobile. 

There are some practical con- 
siderations which limit the use 
of the inverter system. The first 
limitation is starting under low 
temperature. At an ambient tem- 
perature of -40°C, the available 
battery voltage in a "12-volt" au- 
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tomotive system (12-volts nomi- 
nal at 25°C) may be as low as 6 
volts dc because of the starter 
current required at this tempera- 
ture and the reduced battery ca- 
pability. In addition, at this tem- 
perature, the fuel-air mixture is 
wet, particularly in a two-cycle 
engine. For reliable starting, the 
full spark energy must be avail- 
able immediately. This means 
that the inverter must be capable 
of producing the full energy at 
low supply voltages. The voltage 
step-up ratio of the system trans- 
former is constant and therefore 
cannot be increased as the tem- 
perature decreases; such an ac- 
tion would assure sufficient volt- 
age at low temperatures, but 
would subject the capacitor and 
SCR to voltages in excess of their 
ratings under normal conditions 
and after starting. The problem 
of starting at low temperature 
may be circumvented by regulat- 
ing the voltage on the capacitor 
or by using a transformer with 
a higher step-up ratio than re- 
quired and then shutting down or 
removing the inverter, with its 
transformer, from the circuit at 
a time that will prevent any volt- 
ages from becoming a problem. 

As the maximum RPM of the 
engine increases, the demands on 
the inverter also increase; this 
variation in demand can be al- 
leviated by ballasting. When bal- 
lasting of the ignition is accom- 
plished by means of a regulator 
circuit, external ballasts are not 
needed. A typical example of 
an inverter-type ignition system 
with regulator ballasting is 
shown in Fig. 379. The trigger 
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circuit shown in the figure is sub- 
ject to the same variations in 
potential as the inverter circuit 
in addition to others arising from 
the need to gate the SCR with a 
high-current at low temperature 
when the available voltage is low. 
This gating problem can only be 
solved by a compromise between 
overdriving of the gate at high 
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Fig. 379-Block diagram of an inverter- 
charged ignition system. 

temperature and maintaining 
only an adequate drive at low 
temperatures; there are many 
circuits that can be used to 
achieve this compromise. The 
gate current could also be regu- 
lated with respect to temperature 
with a substantial increase in cir- 
cuit cost and complexity. 

The inverter must be capable of 
handling a power level, typically 
between 20 and 50 watts, repre- 
senting an energy level of 80 milli- 
joules per pulse, for a 4-cycle, 8- 
cylinder engine. The inverter cir- 
cuit should operate at a frequency 
high enough to make use of smaller 
transformer-core sizes and yet be 
able to incorporate low-cost power 
devices. The RCA line of home- 
taxial power transistors is general- 
ly very reliable and economical in 
inverter ignition systems. 



Line-Charged Igniter 

The line-charged ignition circuit 
finds greatest use in heating sys- 
tems and large gas-operated ap- 
pliances. Normally, circuits of this 
type charge at the line voltage that 
produces the lowest-cost circuit. 
The gate trigger pulse is derived 
by using a diac and an RC phase- 
shift network such as that shown 
in Fig. 380. This figure represents 
an ignition circuit with a flame 
sensing feature added. 

On each positive half-cycle of 
the ac line, the circuit operates 
once until the flame is burning; 
the sensor then turns on SCR2 
which prevents SCRi from being 
triggered and causing further 
sparks. This arrangement will 
cause the igniter to operate when- 
ever the flame goes out and thus 
provides a valuable safety feature. 
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Fig. 380-L'me-charged ignition circuit. 

AUTOMOTIVE IGNITION 
SYSTEM 

Fig. 381 shows the circuit dia- 
gram for a low-cost transistor/ 
SCR capacitor-discharge ignition 
system for passenger automo- 
biles. This system offers the ad- 
vantages of reduced maintenance, 
smaller current drain on the au- 
tomobile battery, full output volt- 



Capacitor-Discharge Ignition Systems 



STANDARD IGNITION 
SHORTING PLUG 

m m ® ifi iy rsi 




D 3 
INI763A 
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c, 


= 0.25 nF, 200V 


Ti = Transformer, wound as follows: A Vi in. bobbin 


c* 


= 1 mF. 4O0V 


ando El stack of grain oriented silicon steel are used; 


C 3 


= 1 uF, 25V 


first, 150 turns of No. 28 wire are wound and labeled 


c. 


= 0.25 nF, 25V 


start 1 and finish 1 on the winding; second, 50 turns 


F 


= 5A 


of No. 24 and No. 30 wires are wound bifilar and 


Li 


= 10 /xH, 100T of No. 28 wire are wound on 


labeled start 2 and finish 2; third, 150 turns of No. 28 




on a 2W resistor ( 100 ohms or more) 


wire are wound and labeled start 3 and finish 3. 


Ri 


= 1000 ohms 


All windings are wound in the same director. A total 


Ri 


= 50 ohms, 5W 


air gap of 70 mil (35 mil spacer) is used. Connections 


Rj 


= 22000 ohms 


are made as shown in Fig. 382. 


R. 


= 1000 ohms 




Rs 


= 10000 ohms 




R> 


= 15000 ohms 




Rt 


= 8200 ohms 


All the resistors are l^W unless otherwise indicated. 


Rs 


= 0.39 megohm 




R> 


= 220 ohms. 1W 




Rio 


= 1000 ohms 


° These components are subject to excessive temper- 


Rn 


= 68 ohms 


ature rise unless provision is made to transfer the heat 


Ri: 


= 4700 ohms 


to the ambient air by means of an appropriate heat 


Rn 


= 27000 ohms 


sink. 



Fig. 381-An SCR capacitor-discharge automobile ignition circuit. 
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Fig. 382-Details of inverter transformer 
(Ti) shown in Fig. 381. 

age at low battery voltage (down 
to 4 volts), and a high-voltage 
output pulse that has a rapid rate 
of rise. As pointed out previously, 
this latter factor provides greater 
assurance of the firing of fouled 
spark plugs. 

The SCR ignition system is es- 
sentially a combination of eight 
basic circuit units, as follows: 
(1) A single-ended, self-oscillat- 
ing swinging-choke inverter is 
used to provide the dc-to-ac in- 
version and the step-up of the 
battery voltage. (2) An output 
circuit that includes an SCR, a 
storage capacitor, an ignition 
coil (a standard automotive ig- 
nition coil is used), and a com- 
mutating diode develops the 
fast-rising high-voltage pulse for 
the spark plugs. (3) The com- 
mutating diode and a single rec- 
tifying diode form a capacitor- 
charging circuit to transfer 
energy from the inverter to the 
output-circuit storage capacitor. 
(4) A regulator stage controls 
the frequency of the inverter 
stage to provide efficient regula- 
tion of the voltage across the 
storage capacitor. (5) A protec- 
tion circuit (limiting inductance 
and resistance) prevents damage 



to the system by transients that 
may be developed in the case of 
an open or shorted ignition coil 
or because of high-voltage arc- 
ing to either primary terminal 
of the ignition coil. (6) A shut- 
down circuit holds the inverter 
inoperative when the ignition 
breaker points are open. (7) A 
trigger circuit suppresses the 
normal bounce of the breaker 
points and also prevents SCR 
triggering by the residual volt- 
age across the closed points. (8) 
A method of SCR commutation 
is used that involves the inter- 
play of several parts of the over- 
all system. 

Inverter, Regulator, and 
Capacitor-Charging Circuit 

The inverter uses a 2N3055 tran- 
sistor (Qi) in a single-ended out- 
put stage, a 2N3053 transistor (Q2) 
in an emitter-follower driver stage, 
and a 2N2102 transistor (Q 3 ) in 
a control stage that is part of the 
shutdown circuit which holds the 
inverter inoperative when the 
ignition breaker points are open. 
Regenerative feedback is coupled 
from the feedback winding of the 
inverter output transformer Ti 
back to the bases of the driver 
and output transistors. The high 
gain provided by the combination 
of transistors Qi and Q2 assures 
oscillation and low drive-power 
requirements for the inverter. 
The starting resistor Rs provides 
a forward bias that drives tran- 
sistors Qi and Q2 into conduction 
to initiate oscillation in the in- 
verter. The regenerative action 
of the circuit very quickly drives 
the output transistor Qi into 



conduction, and essentially the 
full battery voltage is then ap- 
plied across the primary of the 
inverter output transformer Ti. 
The resultant current increase 
in the transformer primary wind- 
ing induces a voltage across the 
feedback winding that supplies 
sufficient current through resis- 
tors Ri and R4 and diode Di to 
maintain the output transistor 
Qi in saturation. During this 
part of the operating cycle (i.e., 
during the conduction of transis- 
tor Qi, the voltage across the 
secondary winding of transformer 
Ti reverse-biases the rectifying 
diode D2 in the capacitor- 
charging circuit, and no energy 
is transferred to the output cir- 
cuit of the ignition system. 

With transistor Qi operating 
with fixed base current (in satu- 
ration), its collector current 
rises to a value beyond which 
it cannot increase. As a result, 
the feedback voltage is de- 
creased, and no longer maintains 
base drive to transistor Qi, and 
the transistor starts to turn off. 
The regenerative action of the 
inverter circuit causes a rapid 
reversal of the base drive for 
transistors Qi and Q2. These 
transistors, therefore, are quickly 
cut off, and a "flyback" voltage 
pulse is generated at the collec- 
tor of the output transistor Qi. 
Diode D3 blocks the reverse volt- 
age and limits the reverse base 
drive. The reverse-bias current 
that turns off transistors Qi 
and Q2 is applied through resis- 
tors R3 and Ri, respectively. The 
flyback-pulse voltage is stepped 
up across the secondary of trans- 



former Ti. The polarity of this 
pulse, however, is such that the 
rectifying diode D2 becomes 
forward-biased. As a result, the 
energy previously stored in the 
primary winding of transformer 
Ti is transferred through the 
secondary winding, rectifying 
diode D2, and commutating diode 
D3 to charge the output-circuit 
storage capacitor C2. The capa- 
citor Ci connected across tran- 
sistor Qi reduces the amplitude 
of the leakage-inductance pulse 
and restricts the rate of rise of 
the collector voltage of transis- 
tor Qi. The charging current for 
capacitor C2 is shunted around 
the ignition coil by the com- 
mutating diode D3 so that no 
energy is transferred into the ig- 
nition coil and from there to the 
spark plugs. 

When the collector voltage of 
transistor Qi decrease to a value 
less than the battery voltage, it 
again begins to conduct, and the 
cycle is repeated to charge the 
storage capacitor C2 to a higher 
voltage. Until the voltage across 
the storage capacitor rises above 
a predetermined value, the volt- 
age applied to the zener diode 
D4 from the voltage divider 
formed by resistors Re and Rs is 
insufficient to cause the zener 
diode to conduct. If the ignition 
breaker points are closed during 
this time, resistor R7 is returned 
to ground and transistor Q3 can- 
not conduct. When the capacitor 
voltage rises to a level high 
enough to cause zener diode D4 
to conduct, transistor Q3 turns 
on and shunts base drive current 
from transistor Q2. This effect 



tor to pull out of saturation at 
a lower collector-current level 
which, in turn, increases the fre- 
quency of oscillation. The cut- 
back in peak primary current re- 
duces the charging rate of the 
storage capacitor C2 to the level 
required to replenish circuit 
losses and prevents further rise 
in the output voltage. 

Transistor Q3 also holds the 
inverter inoperative when the ig- 
nition breaker points are open. 
When these points open, the cur- 
rent fed from the voltage at the 
breaker points through resistor 
R7 causes transistor Q3 to con- 
duct heavily. This effect shorts 
the base of transistor Q2 and 
stops the oscillation. 

Fig. 383 shows that the collec- 
tor voltage of transistor Qi 
swings alternately between the 
saturation level and the peaks of 
flyback pulses of increasing am- 
plitude. The change in frequency 
that results from regulator ac- 
tion is apparent in the voltage 
waveform. The collector voltage 




Fig. 383-Collector voltage of the inver- 
ter output transistor Qi (top) and ignition- 
coil primary voltage (bottom) as functions 
of time (2000 rpm; Vcc = 12V.) 



points open and shut down the 

inverter. Fig. 384 shows an ex- 
paneded view of the turn-off and 
flyback characteristics of tran- 
sistor Qi at a point when the 
storage capacitor is being charged. 




Fig. 384-Expanded collector voltage 
(top) and current (bottom) of the inverter 
output transistor (Qi) as functions of time 
during turn off when the storage capacitor 
(Ct) is being charged (Vcc = 12V). 

Output Circuit 

When a high-voltage pulse is 
required, the RCA-S2620D SCR 
in the output circuit is gated on. 
As a result, the anode voltage of 
the SCR decreases to approxi- 
mately zero, and the voltage 
across the charged storage capaci- 
tor is applied to the primary of 
the ignition coil. (The value of 
the inductance Li is negligible in 
comparison to the inductance of 
the ignition coil and is not con- 
sidered in this analysis.) The 
ungrounded (+) side of the ig- 
nition-coil primary (terminal 3 
on the connecting plug) is driven 
negative with respect to the ca- 
pacitor potential. Diode D3, in 
parallel with the coil, is reverse- 
biased at this time. The discharge 
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of the capacitor into the primary 
of the ignition coil generates a 
high-voltage pulse across the 
secondary. 

The capacitor discharges into 
the primary inductance of the ig- 
nition coil and builds up the pri- 
mary current in the coil. When 
the voltage across the capacitor 
(and coil primary) decreases to 
zero and starts to reverse, the 
commutating diode D3 becomes 
forward-biased and begins to 
conduct. The current through the 
primary of the ignition coil is 
at a peak at the time the diode 
begins to conduct. The current 
then suddenly switches out of 
the SCR and into the diode. The 
primary-coil voltage remains 
clamped at zero, and the primary 
current decays at a rate de- 
termined by the L/R ratio of the 
coil. Because of the clamping ac- 
tion of the commutating diode 
D3, the duration of the spark in 
the spark plug is lengthened. 

When the SCR is on, it effec- 
tively places a short across the 
secondary of the inverter trans- 
former. However, the inverter is 
off when the SCR is on (be- 
cause of the shut-down circui- 
try); the inverter, therefore, 
does not operate into the short. 

Figs. 385 and 386 show the 
SCR voltage and current as a 
function of time. The starting 
point of the waveform shown in 
Fig. 385 occurs at the instant 
the ignition points open. The 
anode voltage of the SCR de- 
creases to zero and the anode 
current builds up to the peak 
value in a quarter cycle. The 
current is then switched out of 



the SCR, and SCR current de- 
creases suddenly almost to zero. 
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Fig. 385SCR voltage (top) and current 
(bottom) as a function of time (2000 rpm; 
VCC = 12V). 

The small residual current is 
a result of the energy stored in 
the inverter transformer during 
the period that the inverter is 
inoperative. This stored energy 
causes a current to circulate 
from the secondary of the trans- 
former through the SCR. When 
the ignition points close and the 
capacitor recharges, the SCR 
blocks the voltage on the capaci- 
tor. 

The starting point for the 
waveform shown in Fig. 386 oc- 
curs at the instant that the igni- 
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Fig. 386SCR voltage (top) and current 
(bottom) as a function of time (oscilloscope 
sweep triggered at instant ignition breaker 
points are closing; 4000 rpm; Vcc = 12V). 
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tion points close. The period 
between the instant at which the 
points close and that at which 
the voltage first begins to rise is 
the time during which the col- 
lector current of transistor Qi 
builds up to the switching level. 
The significance of this time is 
explained subsequently during 
the discussion on commutation 
of the SCR. 

Fig. 387 shows the waveforms 
for voltage and current in the 
primary of the ignition coil that 
result when a 7-millihenry in- 
ductor is used to simulate the 
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Fig. 387 -Primary voltage {top) and 
current {bottom) as a function of time 
(1-mH coil used in place of standard ig- 
nition coil; 2000 rpm; Vcc = 12V). 

primary of the ignition coil. The 
primary voltage increases rapidly 
to a peak negative value, then 
decays sinusoidally to zero as 
the current builds to a peak. The 
primary voltage is then clamped 
at zero, and the current decays 
exponentially. 

It should be noted that an ac- 
tual ignition coil, operated with 
the secondary open, will reflect 
a tuned circuit into the primary. 
This operation causes a ringing 
on top of the waveforms, as 
shown in Fig. 387. The anode 
voltage of the SCR may actually 



reverse for a short time because 
of this ringing. The SCR essen- 
tially blocks this reverse volt- 
age except for a small current 
that flows because of the pres- 
ence of positive gate signal. As 
a result, some instantaneous 
dissipation occurs in the reverse- 
blocking function of the SCR. 
The SCR can safely withstand 
this dissipation for the short 
period of time required. The 
gate signal is kept positive 
through the ringing cycle so that 
the SCR continues to conduct 
when the anode voltage rings 
back positive. This ringing does 
not occur when the secondary 
voltage fires a plug because the 
ionized plug shorts the secondary 
winding. 

Protection Circuit 

Inductance Li is used to protect 
the system against a shorted pri- 
mary in the ignition coil. The 
limiting inductance controls the 
rate of change of current (di/dt) 
and peak current that occurs when 
the SCR is turned on with a 
short across the primary of the 
ignition coil. Resistance R13 is 
used to assure that the voltage 
across the primary of the igni- 
tion coil is not negative when 
the coil is open. If this voltage 
were not clamped, the regulator 
would not operate properly, and 
the peak collector voltage of 
transistor Qi would exceed the 
limits specified for the device. 

Trigger Circuit 

The triggering circuit performs 
the following functions: (1) trig- 



gers and holds the SCR on when 
the ignition points open (at bat- 
tery voltage down to 4 volts), (2) 
applies a signal back into the in- 
verter shutdown circuitry when 
the ignition points are open, (3) 
suppresses the inverter signal that 
rides on the power supply so that 
it does not trigger the SCR, (4) 
prevents the residual voltage 
across the closed points from 
triggering the SCR, (5) prevents 
normal point bounce that oc- 
curs when the points close, and 
(6) maintains proper operation 
whether or not the capacitor is 
present across the breaker points. 
The 2N2102 transistor Q 4 is used 
to perform these functions. 

The trigger current for the 
gate of the SCR is initiated when 
the base voltage of transistor Q4 
reaches approximately 0.6 volt 
above the emitter voltage. The 
trigger current flows from the 
supply through resistor Rn, 
transistor Q-», and capacitor C3 
to the gate of the SCR. 

When the ignition points open, 
capacitor C4 (and the capacitor 
across the points) charges be- 
cause of the current through re- 
sistor R3. If the points are open 
long enough (without bouncing), 
the voltage across capacitor C4 
becomes high enough to turn on 
transistor Q4. The voltage re- 
quired to turn on transistor Q 4 
is the sum of the gate-cathode 
voltage of transistor Q5, the 
voltage across capacitor C3, the 
emitter-base voltage of transis- 
tor Q4, and the voltage drop 
across resistor Rio. (Resistor 
Rio ensures that the voltage 
across the open ignition points 



rises to a value high enough to 
supply sufficient current through 
resistor R7 to shut down the in- 
verter.) At normal engine speeds, 
the average voltage level across 
capacitor C3 keeps both the gate- 
cathode junction of the SCR and 
the emitter-base junction of the 
transistor reverse-biased until 
capacitor C4 charges high enough 
to turn on transistor Q4. Because 
transistor Q4 is off and the 
gate of the SCR is reverse-biased 
when the points are closed, the 
desired suppression of inverter 
signal and residual point volt- 
age is achieved. 

If the points bounce during 
normal operation, they discharge 
C4 (and the distributor capaci- 
tor) almost instantly each time 
they close. Thus, each time they 
bounce open, these capacitors 
must recharge from zero toward 
the triggering level. With nor- 
mal bouncing, the points do not 
stay open long enough for the 
triggering level to be reached, 
so the SCR is not triggered. If 
severe bouncing occurs at very 
high speeds, the points can stay 
open long enough to cause trig- 
gering of the SCR. 

Better filtering is achieved 
when the automobile distributor 
capacitor is retained, but satis- 
factory operation is achieved 
without this capacitor. With the 
capacitor left in the distributor, 
it is possible to switch back to 
standard ignition by switching 
the plug shown in Fig. 381. 

Commutation of SCR 

All the parts of the system work 
together in such a manner as to 



RCA 



and Rectifier Manual 



cause the SCR current to go to 
zero for a sufficient length of 
time to cause commutation (turn 
off). As explained earlier, the 
current through the primary of 
the ignition coil is switched 
from the SCR and into the corn- 
mutating diode when the primary 
voltage decreases to zero. From 
that time on, the diode keeps 
the coil current clamped out of 
the SCR. The SCR then conducts 
only the small current that re- 
sults from the energy stored in 
the inverter transformer. When 
the points close again, the inver- 
ter restarts and, as explained 
previously, the rectifying diode 
D2 is reverse-biased during the 
time the collector current of 
transistor Qi builds back up to 
the switching level. No current 
then flows in the SCR, and the 
SCR is allowed to turn off. Fig. 
385 shows that the current is 
zero for about 300 microseconds 
before anode voltage is re- 
applied at a rate of 0.5 volt per 
microsecond. A worst-case SCR 
commutates in less than 100 
microseconds at a temperature 
of 100°C under these operating 
conditions. 

Performance Data 

Fig. 388 shows several per- 
formance curves for the SCR 
capacitor-discharge ignition sys- 
tem. Fig. 389 shows the open- 
circuit output voltage as a func- 
tion of time, and Fig. 390 shows 
the output voltage when the 
load on the secondary consists of 
a 1 -megohm resistor in parallel 
with a 50-picofarad capacitor. 
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(b) Output voltage as a function of battery 
voltage at cranking speeds for both an open 
secondary and a fouled-plug load. 
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(d) Battery drain as a function of engine 
rpm at a battery voltage of 12 volts. 
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Fig. 388-Performance of the capacitor- 
discharge ignition circuit. 



Figs. 391 and 392 show the 
secondary voltage under spark- 
ing conditions. Arc duration, as 
shown in Fig. 391, is 300 micro- 
seconds (single polarity) under 
wide-gap conditions. The nar- 
rower-gap conditions shown in 
Fig. 392 result in an arc dura- 
tion of 400 microseconds. 
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Fig. 389-Open-circuit output voltage 
(standard ignition coil, Delco D511 or 
equivalent; 2000 rpm; Vcc =12Vj. 
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Fig. 390-Output voltage with fouled 
spark plugs (standard ignition coil, Delco 
D51 I or equivalent; 50-pF load in parallel 
with l-megohm resistance; 2000 rpm; 
Vcc = 12 V). 

Mounting Considerations 

The SCR ignition circuit must 
be protected from moisture. Heat- 
generating components, however, 
should not be enclosed in non- 
circulating atmosphere. Still air 
has a thermal-resistance 12,000 
times that of copper, and gen- 
eration of heat in this high ther- 
mal resistance could cause the 
inside ambient temperature to 
rise above the specified limits. 
All components subject to high 
temperature rise (marked in Fig. 
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Fig. 391-Output voltage showing dura- 
tion of spark arc (standard ignition coil, 
Delco D511 or equivalent; 2000 rpm; 
VCC = 12 V). 
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Fig. 392-Output voltage with spark gap 
shortened (standard ignition coil, Delco 
D511 or equivalent; 2000 rpm; Vcc = 12V). 



38 1 with a small circle) should be 
thermally connected to a low- 
thermal-resistance path to the 
outside environment. For ex- 
ample, the SCR may be mounted 
to an aluminum plate on a mica 
insulating washer. This plate 
should then be fastened to the 
inside of the chassis wall that 
provides the thermal path to the 
outside environment. The resis- 
tors and diodes which require a 
heat sink should be attached to 
the chassis with a thermally con- 
ductive epoxy. 
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Index to RCA Thyristors 
and Rectifiers 



This section lists thyristors 
(triacs and SCR's), silicon recti- 
fiers, and diacs currently available 
from RCA Solid State Division as 
standard commercial products. 



Current and voltage ratings are 
included for each type, and the 
file number of the RCA data sheet 
that contains detailed technical 
data on each device is also shown. 



RCA Thyristors, Rectifiers and Diacs 



RCA 


Type of 


Current 


Voltage 


Data Sheet 


Type No. 


Device 


(A) 


(V) 


File No. 


1N248C 


Rectifier 


20 


50 


6 


1N249C 


Rectifier 


20 


100 


6 


1N250C 


Rectifier 


20 


200 


6 


1N440B 


Rectifier 


0.75 


100 


5 


1N44IB 


Rectifier 


0.75 


200 


5 



RCA 


Type of 


Current 


Voltage 


Data Sheet 


Type No. 


Device 


(A) 


(VI 


File No. 


1N1203A 


Rectifier 


12 


300 


20 


1N1204A 


Rectifier 


12 


400 


20 


1N1205A 


Rectifier 


12 


500 


20 


1N1206A 


Rectifier 


12 


600 


20 


1N1341B 


Rectifier 


6 


50 


58 



1N442B 


Rectifier 


0.75 


300 


5 


1N1342B 


Rectifier 


6 


100 


58 


1N443B 


Rectifier 


0.75 


400 


5 


1N1344B 


Rectifier 


6 


200 


58 


1N444B 


Rectifier 


0.75 


500 


5 


1N1345B 


Rectifier 


6 


300 


58 


1N445B 


Rectifier 


0.75 


600 


5 


1N1346B 


Rectifier 


6 


400 


58 


1N536 


Rectifier 


0.75 


50 


3 


1N1347B 


Rectifier 


6 


500 


58 


1N537 


Rectifier 


0.75 


100 


3 


1N1348B 


Rectifier 


6 


600 


58 


1N538 


Rectifier 


0.75 


200 


3 


1N1763A 


Rectifier 


1 


400 


89 


1N539 


Rectifier 


0.75 


300 


3 


1N1764A 


Rectifier 


1 


500 


89 


1N540 


Rectifier 


0.75 


400 


3 


1N2858A 


Rectifier 


1 


50 


91 


1N547 


Rectifier 


0.75 


600 


3 


1N2859A 


Rectifier 


1 


100 


91 


1N1095 


Rectifier 


75 


500 


3 


1N2860A 


Rectifier 


1 


200 


91 


1N1183A 


Rectifier 


40 


50 


38 


IN2861A 


Rectifier 


1 


300 


91 


1N1184A 


Rectifier 


40 


100 


38 


1N2862A 


Rectifier 


1 


400 


91 


1N1186A 


Rectifier 


40 


200 


38 


1N2863A 


Rectifier 


1 


500 


91 


1N1187A 


Rectifier 


40 


300 


38 


1N2864A 


Rectifier 


1 


600 


91 


1N118BA 


Rectifier 


40 


400 


38 


1N3193 


Rectifier 


0.75 


200 




1N1189A 


Rectifier 


40 


500 


38 


1N3194 


Rectifier 


0.75 


400 




1N1190A 


Rectifier 


40 


600 


38 


1N3195 


Rectifier 


0.76 


600 




1N1195A 


Rectifier 


20 


300 


6 


1N3196 


Rectifier 


0.5 


800 




1N1196A 


Rectifier 


20 


400 


6 


1N3253 


Rectifier 


0.75 


200 




1N1197A 


Rectifier 


20 


500 


6 


1N3254 


Rectifier 


0.75 


400 




1M198A 


Rectifier 


20 


600 


6 


1N3255 


Rectifier 


0.75 


600 




1N1199A 


Rectifier 


12 


50 


20 


1N3256 


Rectifier 


0.5 


800 




1N1200A 


Rectifier 


12 


100 


20 


1N3563 


Rectifier 


0.4 


1000 




1N1202A 


Rectifier 


12 


200 


20 


1N3879 


Rectifier 


6 


50 


726 
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RCA 


Type of 


Current 


Voltage 


Data Sheet 


RCA 


Type of 


Current 


Voltage 


Data Sheet 


Type No. 


Device 


W 






Type No. 


Device 


(At 


lv\ 
t»l 


'File No 


1N3880 


Rectifier 


6 


100 


726 


2N3228 


SCR 


5 


200 


114 


1N3881 


Rectifier 


6 


200 


726 


2N3525 


SCR 


5 


400 


114 


1N3882 


Rectifier 


6 


300 


726 


2N3528 


SCR 


2 


200 


114 


1N3883 


Rectifer 


6 


400 


726 


2N3529 


SCR 


2 


400 


114 


1N3889 


Rectifier 


12 


50 


727 


2N3650 


SCR 


35 


100 


408 


1N3890 


Rectifier 


12 


100 


727 


2N3651 


SCR 


35 


200 


408 


1N3891 


Rectifier 


12 


200 


727 


2N3652 


SCR 


35 


300 


408 


1N3892 


Rectifier 


12 


300 


727 


2N3653 


SCR 


35 


400 


408 


1N3893 


Rectifier 


12 


400 


727 


2N3654 


SCR 


35 


50 


724 


1N3899 


Rectifier 


20 


50 


728 


2N3655 


SCR 


35 


100 


724 


1N3900 


Rectifier 


20 


100 


728 


2N3656 


SCR 


35 


200 


724 


1N3901 


Rectifier 


20 


200 


728 


2N3657 


SCR 


35 


300 


724 


1N3902 


Rectifier 


20 


300 


728 


2N3658 


SCR 


35 


400 


724 


1N3903 


Rectifier 


20 


400 


728 


2N3668 


SCR 


12.5 


100 


116 


1N3909 


Rectifier 


30 


50 


729 


2N3669 


SCR 


12.5 


200 


116 


1N3910 


Rectifier 


30 


100 


729 


2N3670 


SCR 


12.5 


400 


116 


1N3911 


Rectifier 


30 


200 


729 


2N3870 


SCR 


35 


100 


578 


1N3912 


Rectifier 


30 


300 


729 


2N3871 


SCR 


35 


200 


578 


1N3913 


Rectifier 


30 


400 


729 


2N3872 


SCR 


35 


400 


578 


1N5211 


Rectifier 


1 


200 


245 


2N3873 


SCR 


35 


600 


578 



1N5212 


Rectifier 


1 


400 


245 


1N5213 


Rectifier 


1 


600 


245 


1N5214 


Rectifier 


0.75 


300 


245 


1N5215 


Rectifier 


1 


200 


245 


1N5216 


Rectifier 


1 


400 


245 


1N5217 


Rectifier 


1 


600 


245 


1N5218 


Rectifier 


0.75 


800 


245 


1N5391 


Rectifier 


15 


50 


478 


1N5392 


Rectifier 


1.5 


100 


478 


1N5393 


Rectifier 


1.5 


200 


478 


1N5394 


Rectifier 


1.5 


300 


478 


1N5395 


Rectifier 


1.5 


400 


478 


IN 5396 


Rectifier 


1.5 


500 


478 


1N5397 


Rectifier 


1.5 


600 


478 


1N5398 


Rectifier 


1.5 


800 


478 


1N5399 


Rectifier 


1.5 


1000 


478 


2N681 


SCR 


25 


25 


96 


2N682 


SCR 


25 


50 


96 


2N683 


SCR 


25 


100 


96 


2N684 


SCR 


25 


150 


96 


2N685 


SCR 


25 


200 


96 


2N686 


SCR 


25 


250 


96 


2N687 


SCR 


25 


300 


96 


2N688 


SCR 


25 


400 


% 


2N689 


SCR 


25 


500 


96 



2N3896 


SCR 


35 


100 


578 


2N3897 


SCR 


35 


200 


578 


2N3898 


SCR 


35 


400 


578 


2N3899 


SCR 


35 


600 


578 


2N4101 


SCR 


5 


600 


114 


2N4102 


SCR 


2 


600 


114 


2N4103 


SCR 


12.5 


600 


116 


2N5M1 


Triac 


40 


200 


593 


2N5442 


Triac 


40 


400 


593 


2N5443 


Triac 


40 


600 


593 


2N5444 


Triac 


40 


200 


593 


2N5445 


Triac 


40 


400 


593 


2N5446 


Triac 


40 


600 


593 


2N5567 


Triac 


10 


200 


457 


2N5568 


Triac 


10 


400 


457 


2N5569 


Triac 


10 


200 


457 


2N5570 


Triac 


10 


400 


457 


2N5571 


Triac 


15 


200 


45B 


2N5572 


Triac 


15 


400 


458 


2N5573 


Triac 


15 


200 


458 


2N5574 


Triac 


15 


400 


458 


2N5754 


Triac 


2.5 


100 


414 


2N5755 


Triac 


2.5 


200 


414 


2N5756 


Triac 


2.5 


400 


414 


2N5757 


Triac 


2.5 


600 


414 



2N690 


SCR 


25 


600 


96 


2N6394 


SCR 


12 


50 


891 


2N1842A 


SCR 


16 


25 


28 


2N 6395 


SCR 


12 


100 


891 


2N1843A 


SCR 


16 


50 


28 


2N6396 


SCR 


12 


200 


891 


2N1844A 


SCR 


16 


100 


28 


2N6397 


SCR 


12 


400 


891 


2N1845A 


SCR 


16 


150 


28 


2N6398 


SCR 


12 


600 


891 


2N1846A 


SCR 


16 


200 


28 


2N6400 


SCR 


16 


50 


892 


2N1847A 


SCR 


16 


250 


28 


2N6401 


SCR 


16 


100 


892 


2N1848A 


SCR 


16 


300 


28 


2N6402 


SCR 


16 


200 


892 


2N1849A 


SCR 


16 


400 


28 


2N6403 


SCR 


16 


400 


892 


2N1850A 


SCR 


16 


500 


28 


2N6404 


SCR 


16 


600 


892 
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RCA Thyristors, Rectifiers, and Diacs 




RCA 


Type of 


Current 


Voltage 


Data Sheet 


RCA 


Type of 


Current 


Voltage 


Data Sheet 


Type No. 


Device 


(Al 


(VI 


File No. 


Type No. 


Device 


|A| 


(VI 


File No. 


D1201A 


Rectifier 


1 


100 


495 


G5002M 


GTO 


8.5 


600 


867 


D1201B 


Rectifier 


1 


200 


495 


G5002A 


GTO 


8.5 


100 


867 


012010 


Rectifier 


1 


400 


495 


G5002B 


GTO 


8.5 


200 


867 


01201F 


Rectifier 


1 


50 


495 


G50020 


GTO 


8.5 


400 


867 


D1201M 


Rectifier 


1 


600 


495 


G5002M 


GTO 


8.5 


600 


867 


D1201N 


Rectifier 


1 


800 


495 


G5003A 


GTO 


8 5 


100 


867 


D1201P 


Rectifier 


1 


1000 


495 


G5003B 


GTO 


8.5 


200 


867 


D1300A 


Rectifier 


0.25 


100 


784 


G5003D 


GTO 


8.5 


400 


867 


D1300B 


Rectifier 


0.25 


200 


784 


G5003M 


GTO 


8.5 


600 


867 


D1300D 


Rectifier 


0.25 


400 


784 


S122A 


SCR 


8 


100 


889 


D2101S 


Rectifier 


1 


700 


522 


S122B 


SCR 


8 


200 


889 


D2103S 


Rectifier 


3 


700 


522 


S122C 


SCR 


8 


300 


889 


D2103SF 


Rectifier 


3 


750 


522 


S122D 


SCR 


8 


400 


889 


D2201A 


Rectifier 


1 


100 


629 


S122E 


SCR 


8 


500 


889 


D2201B 


Rectifier 


1 


200 


629 


S122F 


SCR 


8 


50 


889 


D2201D 


Rectifier 


1 


400 


629 


S122M 


SCR 


8 


600 


889 


D2201F 


Rectifier 


1 


50 


629 


S122S 


SCR 


8 


700 


889 


D2201M 


Rectifier 


1 


600 


629 


S2060A 


SCR 


4 


100 


654 


D2201N 


Rectifier 


1 


800 


629 


S2060B 


SCR 


4 


200 


654 


D2406A 


Rectifier 


6 


100 


663 


S2060C 


SCR 


4 


300 


654 


D2406B 


Rectifier 


6 


200 


663 


S2060D 


SCR 


4 


400 


654 


D2406C 


Rectifier 


6 


300 


663 


S2060E 


SCR 


4 


500 


654 


D2406D 


Rectifier 


6 


400 


663 


S2060F 


SCR 


4 


50 


654 


D2406F 


Rectifier 


6 


50 


663 


S2060M 


SCR 


4 


600 


654 


D2406M 


Rectifier 


6 


GOO 


663 


S2060Q 


SCR 


4 


15 


654 


D2412A 


Rectifier 


12 


100 


664 


S2060Y 


SCR 


4 


30 


654 


D2412B 


Rectifier 


12 


200 


664 


S2061A 


SCR 


4 


100 


654 


D2412C 


Rectifier 


12 


300 


664 


S2061B 


SCR 


4 


200 


654 


D2412D 


Rectifier 


12 


400 


664 


S2061C 


SCR 


4 


300 


654 


D2412F 


Rectifier 


12 


50 


664 


S2061D 


SCR 


4 


400 


654 


D2412M 


Rectifier 


12 


600 


664 


S2061E 


SCR 


4 


500 


654 


02520A 


Rectifier 


20 


100 


665 


S2061F 


SCR 


4 


50 


654 


D2520B 


Rectifier 


20 


200 


665 


S2061M 


SCR 


4 


600 


654 


D2520C 


Rectifier 


20 


300 


665 


S2061Q 


SCR 


4 


15 


654 


D2520D 


Rectifier 


20 


400 


665 


S2061Y 


SCR 


4 


30 


654 


02520F 


Rectifier 


20 


50 


665 


S2062A 


SCR 


4 


100 


654 


D2520M 


Rectifier 


20 


600 


665 


S2062B 


SCR 


4 


200 


654 


D2540A 


Rectifier 


40 


100 


580 


S2062C 


SCR 


4 


300 


654 


D2540B 


Rectifier 


40 


200 


580 


S2062D 


SCR 


4 


400 


654 


D2S40D 


Rectifier 


40 


400 


580 


S2062E 


SCR 


4 


500 


654 


D2540F 


Rectifier 


40 


50 


580 


S2062F 


SCR 


4 


50 


654 


D2540M 


Rectifier 


40 


600 


580 


S2062M 


SCR 


4 


600 


654 


D2600M 


Rectifier 


0.5 


600 


839 


S2062Q 


SCR 


4 


15 


654 


02601A 


Rectifier 


1 


100 


723 


S2062Y 


SCR 


4 


30 


654 


02601 B 


Rectifier 


1 


200 


723 


S24O0A 


SCR 


4.5 


100 


567 


D2601D 


Rectifier 


1 


400 


723 


S2400B 


SCR 


4.5 


200 


567 


D2601E 


Rectifier 




500 


839 


S2400D 


SCR 


4.5 


400 


567 


D2601F 


Rectifier 


1 


50 


723 


S2400M 


SCR 


4.5 


600 


567 


D2601M 


Rectifier 


1 


600 


723 


S2600B 


SCR 


7 


200 


496 


02601 N 


Rectifier 


1 


800 


723 


S2500D 


SCR 


7 


400 


496 


D3202U 


Diac 


2 (pk| 


25-40 


577 


S2600M 


SCR 


7 


600 


495 


D3202Y 


Diac 


2 (pk) 


29-35 


577 


S2610B 


SCR 


3.3 


200 


496 


G5001A 


GTO 


8.5 


100 


867 


S2610D 


SCR 


3.3 


400 


496 


G5001B 


GT0 


8.5 


200 


867 


S2610M 


SCR 


3.3 


600 


496 


65001 D 


GTO 


8.5 


400 




S2620B 


SCR 


7 


200 


496 
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RCA 


Tvne of 


Cuf r6nt 


Unltana 

vundyc 


uata aoeei 


RCA 


Type of 


Current 


Voltage 


Data Sheet 


Type No. 


Device 


(A) 


IV) 


File No. 


Typo No. 








File No 


S2620D 


SCR 


7 


400 


496 


S6230D 


SCR 


20 


400 


877 


S2620M 


SCR 


7 


600 


496 


S6230M 


SCR 


20 


600 


877 


S2710B 


SCR 


1.7 


200 


266 


S6240A 


SCR 


20 


100 


877 


S2710D 


SCR 


1.7 


400 


266 


S62408 


SCR 


20 


200 


877 


S2710M 


SCR 


1.7 


600 


266 


S6240D 


SCR 


20 


400 


877 


S2800A 


SCR 


10 


100 


890 


S6240M 


SCR 


20 


600 


877 


S2800B 


SCR 


10 


200 


890 


S6250A 


SCR 


20 


too 


877 


S2800C 


SCR 


10 


300 


890 


S6250B 


SCR 


20 


200 


877 


S2800D 


SCR 


10 


400 


890 


S6250D 


SCR 


20 


400 


877 


S2800E 


SCR 


10 


500 


890 


S6250M 


SCR 


20 


600 


877 


S2800F 


SCR 


10 


50 


890 


S6400N 


SCR 


35 


800 


578 


S2800M 


SCR 


10 


600 


890 


S6410N 


SCR 


35 


800 


578 


S2800S 


SCR 


10 


700 


890 


S6420A 


SCR 


35 


100 


578 


S3700B 


SCR 


5 


200 


306 


S6420B 


SCR 


35 


200 


578 


S3700D 


SCR 


5 


400 


306 


S6420D 


SCR 


35 


400 


578 


S3700M 


SCR 


5 


600 


306 


S6420M 


SCR 


35 


600 


578 


S3701M 


SCCR 


5 


600 


476 


S6420N 


SCR 


35 


800 


578 


S3702S 


SCR 


5 


700 


522 


S6430A 


SCR 


35 


100 


877 


S3703SF 


SCR 


5 


750 


522 


S6430B 


SCR 


35 


200 


877 


S3704A 


SCR 


5 


100 


690 


S6430D 


SCR 


35 


400 


877 



S3704B 


SCR 


5 


200 


690 


S6430M 


SCR 


35 


600 


877 


S3704D 


SCR 


5 


400 


690 


S6430N 


SCR 


35 


800 


877 


S3704M 


SCR 


5 


600 


690 


S6440A 


SCR 


35 


100 


877 


S3704S 


SCR 


5 


700 


690 


S6440B 


SCR 


35 


200 


877 


S3705M 


SCR 


5 


600 


839 


S6440D 


SCR 


35 


400 


877 


S3706E 


SCR 


5 


500 


839 


S6440M 


SCR 


35 


600 


877 


S3714A 


SCR 


5 


100 


690 


S6440N 


SCR 


35 


800 


877 


S3714B 


SCR 


5 


200 


690 


S6450A 


SCR 


35 


100 


877 


S3714D 


SCR 


5 


400 


690 


S6450B 


SCR 


35 


200 


877 


S3714M 


SCR 


5 


600 


690 


S6450D 


SCR 


35 


400 


877 


S3714S 


SCR 


5 


700 


690 


S6450M 


SCR 


35 


600 


877 


S3800D 


ITR* 


5 


400 


639 


S6450N 


SCR 


35 


800 


877 


S3800E 


ITR* 


5 


500 


639 


S6493M 


SCR 


35 


600 


247 


S3800EF 


ITR* 


5 


550 


639 


S7410M 


SCR 


35 


600 


408 


S3800M 


ITR* 


5 


600 


639 


S7412M 


SCR 


35 


600 


724 


S3800MF 


ITR* 


5 


650 


639 


T2300A 


Triac 


2.5 


100 


470 


S380OS 


ITR* 


5 


700 


639 


T2300B 


Triac 


2.5 


200 


470 


S3800SF 


ITR* 


S 


750 


639 


T2300D 


Triac 


2.5 


400 


470 


S5210B 


SCR 


10 


200 


757 


T2301A 


Triac 


2.5 


100 


431 


S5210D 


SCR 


10 


400 


757 


T2301B 


Triac 


2.5 


200 


431 


S5210M 


SCR 


10 


600 


757 


T2301D 


Triac 


2.5 


400 


431 


S6200A 


SCR 


20 


100 


418 


T2302A 


Triac 


2.5 


100 


470 


S6200B 


SCR 


20 


200 


418 


T2302B 


Triac 


2.5 


200 


470 


S6200D 


SCR 


20 


400 


418 


T2302D 


Triac 


2.5 


400 


470 


S6200M 


SCR 


20 


600 


418 


T2304B 


Triac 


0.5 


200 


441 


S6210A 


SCR 


20 


100 


418 


T2304D 


Triac 


0.5 


400 


441 


S6210B 


SCR 


20 


200 


418 


T2305B 


Triac 


0.5 


200 


441 


S6210D 


SCR 


20 


400 


418 


T2305D 


Triac 


0.5 


400 


441 


S6210M 


SCR 


20 


600 


418 


T2306A 


Triac 


2.5 


100 


406 


S6220A 


SCR 


20 


100 


418 


T2306B 


Triac 


2.5 


200 


406 



S6220B 


SCR 


20 


200 


418 


T2306D 


Triac 


2.5 


400 


406 


S6220D 


SCR 


20 


400 


418 


T2310A 


Triac 


1.6 


100 


470 


S6220M 


SCR 


20 


600 


418 


T2310B 


Triac 


1.6 


200 


470 


S6230A 


SCR 


20 


100 


877 


T2310O 


Triac 


1.6 


400 


470 


S6230B 


SCR 


20 


200 


817 


T2311A 


Triac 


1.6 


100 


431 
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RCA 




Current 


Voltage 


Data Sheet 




Dnrica 


(A) 

I'M 




File No 


T2311B 


Triac 


u 


200 


431 


T2311D 


Triac 


1.6 


400 


431 


T2312A 


Triac 


u 


100 


470 


T2312B 


Triac 


1.9 


200 


470 


T2312D 


Triac 


1.9 


400 


470 


T2313A 


Triac 


1.9 


100 


414 


T2313B 


Triac 


1.9 


200 


414 


T2313D 


Triac 


1.9 


400 


414 


T2313M 


Triac 


1.9 


600 


414 


T2316A 


Triac 


2.5 


100 


406 


T2316B 


Triac 


2.5 


200 


406 


T2316D 


Triac 


2.5 


400 


406 


T2500B 


Triac 


6 


200 


615 


T2500D 


Triac 


6 


400 


615 


T2506B 


Triac 


6 


200 


406 


T2506D 


Triac 


6 


400 


406 


T2700B 


Triac 


6 


200 


351 


T2700D 


Triac 


6 


400 


351 


T2706B 


Triac 


6 


200 


406 


T2706D 


Triac 


6 


400 


406 


T2710B 


Triac 


3.3 


200 


351 


T2710D 


Triac 


3.3 


400 


351 


T2716B 


Triac 


3.3 


200 


406 


T2716D 


Triac 


3.3 


400 


406 


T2800B 


Triac 


8 


200 


838 


T2800C 


Triac 


8 


300 


838 


T2800D 


Triac 


8 


400 


838 


T2800E 


Triac 


8 


500 


838 


T2800M 


Triac 


8 


600 


838 


72801 B 




g 


200 


837 


T2801C 


Triac 


6 


300 


837 


T2801D 


Triac 


6 


400 


837 


T2801E 


Triac 


6 


500 


837 


T2802B 


Triac 


8 


200 


838 


T2802C 




8 


300 


838 


T2802D 


Triac 


8 


400 


838 


T2802E 


Triac 


8 


500 


838 


T2802M 


Triac 


8 


600 


838 


T2806B 


Triac 


8 


200 


406 


T2806D 


Triac 


8 


400 


406 


T2850A 


Triac 


8 


100 


540 


T2850B 


Triac 


8 


200 


540 


T2850D 


Triac 


8 


400 


540 


T2856B 


Triac 


8 


200 


406 


T2856D 


Triac 


8 


400 


406 


T4100M 


Triac 


15 


600 


458 


T4101M 


Triac 


10 


600 


457 


T4103B 


Triac 


15 


200 


443 


T4103D 


Triac 


15 


400 


443 


T4104B 


Triac 


10 


200 


443 


T4104O 


Triac 


10 


400 


443 


T4105B 


Triac 


6 


200 


443 


T4105D 


Triac 


6 


400 


443 


T4106B 


Triac 


15 


200 


406 


T4106D 


Triac 


15 


400 


406 



RCA Type of Current Voltage Data Sheet 



Type No. 


Device 


(A} 


(V) 


File No. 


T4106M 


Triac 


15 


600 


406 


T4107B 


Triac 


10 


200 


406 


T4107D 


Triac 


10 


400 


406 


T4107M 


Triac 


10 


600 


406 


T4110M 


Triac 


15 


600 


458 


T4111M 


Triac 


10 


600 


457 


T4113B 


Triac 


15 


200 


443 


T4113D 


Triac 


15 


400 


443 


T4114B 


Triac 


10 


200 


443 


T4114D 


Triac 


10 


400 


443 


T4115B 


Triac 


6 


200 


443 


T4115D 


Triac 


6 


400 


443 


T41 16B 


Triac 


15 


200 


406 


T4116D 


Triac 


15 


400 


406 


T4116M 


Triac 


15 


600 


406 


141 17B 


Triac 


10 


200 


406 


T41 17D 


Triac 


10 


400 


4U0 


T4117M 


Triac 


10 


600 


406 


T4120B 


Triac 


15 


200 


458 


T4120D 


Triac 


15 


400 


458 


T4120M 


Triac 


15 


600 


458 


T4121B 


Triac 


10 


200 


457 


T4121D 


Triac 


10 


400 


457 


T4121M 


Triac 


10 


600 


457 


T4126B 


Triac 


15 


200 


406 


T4126D 


Triac 


15 


400 


406 


T4126M 


Triac 


15 


600 


406 


T4127B 


Triac 


10 


200 


406 


T4127D 


Triac 


10 


400 


406 


T4127M 


Triac 


10 


600 


406 


T4130B 


Triac 


15 


200 


878 


T4130D 


Triac 


15 


400 


878 


T4130M 


Triac 


15 


600 


878 


T4131B 


Triac 


10 


200 


878 


T4131D 


Triac 


10 


400 


878 


T4131M 


Triac 


10 


600 


878 


T4140B 


Triac 


15 


200 


878 


T4140D 


Triac 


15 


400 


878 


T4140M 


Triac 


15 


600 


878 


T4141B 


Triac 


10 


200 


878 


T4141D 


Triac 


10 


400 


878 


T4141M 


Triac 


10 


600 


878 


T4150B 


Triac 


15 


200 


878 


T41 500 


Triac 


15 


400 


878 


T4150M 


Triac 


15 


600 


878 


T4151B 


Triac 


10 


200 


878 


T4151D 


Triac 


10 


400 


878 


T4151M 


Triac 


10 


600 


878 


T4700B 


Triac 


15 


200 


300 


T4700D 


Triac 


15 


400 


300 


T4706B 


Triac 


15 


200 


406 


T4706D 


Triac 


15 


400 


406 


T6400N 


Triac 


40 


800 


593 


T6401B 


Triac 


30 


200 


459 


T6401D 


Triac 


30 


400 


459 
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RCA Thyristors, Rectifiers, and Diacs (cont'd) 



Type of Current Voltage Data Sheet 



Type No. 


Device 


(A) 


(V) 


File Ne. 


TS401M 


Triac 


30 


600 


459 


T6404B 


Triac 


40 


200 


487 


T6404D 


Triac 


40 


400 


487 


T6405B 


Triac 


25 


200 


487 


T6405D 


Triac 


25 


400 


487 


T6406B 


Triac 


40 


200 


406 


T6406D 




40 


400 


406 


T6406M 


Triac 


40 


600 


406 


T6407B 


Triac 


30 


200 


406 


T64070 


Triac 


30 


400 


406 


T6407M 


Tri c 


30 


600 


406 


T6410N 


Triac 


40 


800 


593 


T6411B 


Triac 


30 


200 


459 


T6411D 


Triac 


30 


400 


459 


T6411M 


Triac 


30 


600 


459 


T6414B 


Triac 


40 


200 


487 


T6414D 


Triac 


40 


400 


487 


T6415B 


Triac 


25 


200 


487 


T6415D 


Triac 


25 


400 


487 


T6416B 


Triac 


40 


200 


406 


T64160 


Triac 


40 


400 


406 


T6416M 




40 


600 


406 


TB417B 


Triac 


30 


200 


406 


T6417D 


Triac 


30 


400 


406 


T6417M 


Triac 


30 


600 


(06 


T6420B 


Triac 


40 


200 


593 


T6420D 


Triac 


40 


400 


593 


T6420M 


Triac 


40 


600 


593 


T6420N 


Triac 


40 


800 


593 


T6421B 


Triac 


30 


200 


459 


T6421D 


Triac 


30 


400 


459 


T6421M 


Triac 


30 


600 


459 


T6426B 


Triac 


40 


200 


406 


T6426D 


Triac 


40 


400 


406 


T6426M 


Triac 


40 


600 


406 



RCA 
Type No. 

T6427B 
T6427D 
T6427M 
T6430B 
T6430D 

T6430M 
T6430N 
T6431B 
T6431D 
T6431M 

T6440B 
T6440D 
T6440M 
T6440N 
T6441B 

T6441D 
T6441M 
T6450B 
T6450D 
T6450M 

T6450N 
T6451B 
T6451D 
T6451M 
T8410B 

T8410D 
T8410M 
T8411B 
T8411D 
T8411M 

T8420B 
T8420D 
T8420M 
T8421B 
T84210 
T8421M 



Type of 



Data Sheet 



Device 


(A) 


(V) 


Hie No. 


T ' 


30 


200 


406 


_ - 


30 


400 


406 


Triac 


30 


600 


406 


Triac 


40 


200 


878 


Triac 


40 


400 


878 


Triac 


40 


600 


878 


Triac 


40 


800 


878 


Triac 


30 


200 


878 


Triac 


30 


400 


878 


Triac 


30 


600 


878 


Triac 


40 


200 


878 


Triac 


40 


400 


878 


Triac 


40 


600 


878 


Triac 


40 


800 


878 


Triac 


30 


200 


878 


Triac 


30 


400 


878 


Triac 


30 


600 


878 


Triac 


40 


200 


878 


Triac 


40 


400 


878 


Triac 


40 


600 


878 


Triac 


40 


800 


878 


Triac 


30 


200 




Triac 


30 


400 


B7R 


Triac 


30 


600 


878 


Triac 


80 


200 


894 


Triac 


80 


400 


894 


Triac 


80 


600 


894 


Triac 


60 


200 


725 


Triac 


60 


400 


725 


Triac 


60 


600 


725 


Triac 


80 


200 


894 


Triac 


80 


400 


894 


Triac 


80 


600 


894 


Triac 


60 


200 


725 


Triac 


60 


400 


725 


Triac 


60 


600 


725 
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Index 



Absolute Maximum System 105 

Absolute Maximum Ratings 105 

AC Voltage Regulator 292 

Circuit Operation 292 

Amperes Squared-Seconds (I 2 t) 80 

Analysis of Basic Deflection Circuit 323 

Anode 9 

Application Guide to Trigger Devices 195 

Automotive Ignition System 358 

Basic Considerations For 350 

Capacitive-Charging Circuit 360 

Circuit Diagram 359 

Inverter 360 

Mounting Considerations 367 

Output Circuit 362 

Performance Data 362 

Protection Circuit 364 

Regulator 360 

SCR Commutation 365 

Trigger Circuit 364 

Auxiliary Capacitor C., Effect of 339 

Auxiliary Deflection-System Functions 327 

Auxiliary Power Supplies 343 

Avalanche 73 

Avalanche Breakdown 107 

Average Current 77 

Basic Energy Relationships 11 

Basic Heat-Control Techniques 207 

Basic Thermal System 29 

Basic Thyristor Design and Rating Factors . 99 

Basic Thyristor Triggering Techniques .... 185 

Blanking Signals 317 

Blocking Current 102 

"Boost" Regulator Circuit 342 

Breakdown 73 

Burst Signal 321 

Capacitive-Discharge Ignition Systems 350 

Capacitive-Load Circuits 282 

Surge-Limiting Resistance 282 

Design Curves 284 

Case-to-Ambient Thermal Capacitance .... 40 

Case-to-Ambient Thermal Resistance 39 

Cathode 9 

Circuit Commutated Turn-Off Time 152 

Color Synchronization 316, 321 

Color-Sync Signal 321 

Commutating Capacitors 308 

Commutating di/dt 165 

Commutating dv/dt Capability (of Triacs) . . 163 

Commutation of Inverters SCR's 303 

Parallel-Capacitor 303 

Series-Capacitor 303 

Impulse 306 

Self-Impulse 306 

Auxiliary Impulse 308 

Composite Video Signal 316 

Concentrated Turn-On Losses 154 

Conduction 43 

Conduction Angle 177 

Controlled Solder Process 51 

Convection 43 

Conventional SCR's and Triacs 146 

Critical rate of rise of Commutation Voltage 163 
Current and Dissipation Ratings (GTO's) ..118 



Current Flow 7 

Current Ratios 178 

Cylinder Pressure 350 

Damper Diode 93 

DC Component 322 

DC Power Supplies 262 

DC Logic Circuitry, isolation of 253 

Diffusion Current 6 

Diode Biasing Network 98 

Doping Level 13 

Double-Time-Constant Circuit 229 

Drift Current 7 

Dynamic Resistance 73 

Electric-Range Control 216 

Energy Barrier 7 

Energy Storage 351 

External Heat Sink, Effect of 41 

External Heat Sinks, Selection of 43 

Failure Analysis 130 

Fast-Recovery Rectifiers 85 

Federal Communications 

Commission (FCC) 314 

Feedback Diode 93 

Fermi Energy Level 11 

Filament Preheat Circuit 225 

Filter Networks 275 

Filters, Type of 277 

Capacitance 277 

Inductance 277 

Choke-Input 278 

Capacitor-Input 279 

Resistance-Capacitance 280 

Combined LC 281 

Firing Angle 177 

Flash at Turn-Off 231 

Flashoner 223 

Flyback Diode 93 

Flywheel-Charged Ignition Systems 356 

Flywheel Diode 93 

Forbidden- Energy Region 12 

Forward-Bias Conditions 15 

Forward-Blocking State 16 

Forward-Conducting State 16 

Forward Current 77 

Forward Voltage Drop 72 

Four-Diode Doubler Circuit 271 

Forward breakover voltage 102 

Forward On-State Voltage 102 

Fuses 225 

Gate 10 

Gate Characteristics 138 

Gate Nontrigger voltage 139 

Gate Signal, Effect of on Breakover Voltage 104 

GTO Characteristic 103 

Gate-Controlled Turn-Off 22 

General Mathematical Relationships 35 

General Physical Theory 3 

GTO Devices 148 

Gate Turn-Off SCR's (GTO's) 10 

Heat Control, Basic Techniques 207 

Heat Controls with Isolated Sensors 212 



Index 
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Heater- Voltage Regulator 294 

Circuit Description 294 

Performance Characteristics 296 

Heating Controls 206 

General Design Considerations 206 

Heat Sinks 

Performance Criteria 45 

Physical Criteria 44 

Types of 44 

Typical Examples 48 

Heat-Sink Insulators, Effect of 42 

Heat-Sink Mounting, General Procedures . . 54 

Heat-Sinks, Types of 44 

Cylindrical Horizontal-Finned 45 

Cylindrical or Radial Vertical-Finned . . 45 

Flat Vertical-Finned 44 

Heat-Transfer Methods 43 

High- Voltage Generation 328, 340 

High- Voltage Rectifiers for TV Receivers . . 269 

Holding and Latching Currents 122 

Hysteresis Effect 228 

Idling 98 

Ignition Systems, Capacitive Discharge .... 350 

Basic Systems 352 

Circuit Operation 352 

Component Requirements 354 

Technical Features 353 

Types of 355 

Impurities 4 

Incandescent Lighting Controls 223 

Surge-Current. Considerations 223 

Inductive Load, Three-Phase 259 

Initial Brightness 227 

Inrush Current 224 

Integrated-Circuit Zero- Voltage Switch 199 

Basic Circuit Operation 199 

Effects on Thyristor 

Load Characteristics 203 

Fail-Safe Feature 203 

Half-Cycling and 

Hysteresis Characteristics 204 

Interlaced Scanning 315 

Inverter-Charged Ignition Systems 357 

Isolated Trigger Circuits 195 

Junction-to-Case Thermal Impedance 36 

Lamp Dimmers 226 

Lead-Bending Techniques 53 

Line-Charged Igniter 358 

Line- Voltage-Regulated DC Power Supply . 297 

Logic Circuitry, DC, Isolation of 253 

Magnitude and Rate of Rise of 

Reapplied Forward Voltage 153 

Maximum Average Forward-Current 

Rating I F < AV) 78 

Maximum Average On-State Current 116 

Maximum Junction Temperature 32 

Maximum Ratings 74 

Absolute Maximum System 74 

Design Center System 75 

Design Maximum System 75 

Maximum rms On-State Current Rating ... 116 

Maximum Junction Temperature Ill 

Multiple Rectifier Connections 84 

Parallel Arrangements 84 

Series Arrangements 85 

Multiplier, Three-Diode 271 



National Television Systems 

Committee (NTSC) 314 

Negative Gate Bias 153 

Neon Bulbs 190 

Nonrepetitive Peak Off-State Voltage 1 10 

Nonrepetitive Peak Reverse Voltage Ill 

Off-State Voltage, Critical Rate of Rise of 124 

Off-State Voltage, Total 110 

On-Off Control 209 

On-State Current 152 

On-Slate Current, Critical Rate of Rise of . 123 
On-9tate Current Ratings (SCR's and Triacs) 113 
Off-State Voltage Ratings 109 

Packages, Handling and Mounting 52 

Peak Current 77 

Peak OFF/State Voltages 109 

Peak Reverse Voltage 75 

Pellet Structures 99 

Phase Control 177 

Photocell-Operated ON-OFF 

Lamp Controls 233 

Photocell Trigger Circuits 199 

Picture Information 316 

p-n Junction 6 

Polyphase Rectifiers 272 

Three-Phase, Half-Wave, 

Delta- Wye Rectifier 273 

Three-Phase, Full-Wave, 

Delta-Wye Bridge Rectifier 273 

Three-Phase, Delta-Star 

(Six-Phase), Half- Wave Rectifier. . 273 

Three-Phase, Delta- Wye 

(Six Phase), Half- Wave Rectifier . . 274 

Press-Fit Packages 62 

Principal Voltage-Current Characteristics . . 101 

Product Matrices 132 

Proportional Heating Controls 210 

Pulse Transformers 198 

Pulse Triggering 140 

Radiation 43 

Raster Correction 329 

Ratings and Limiting Characteristics 105 

RCA Thyristors, Rectifiers, and Diacs, 

Index to 368 

Recovery Characteristics, Types of 87 

Recovery-Time Test Circuit 89 

Rectifier Circuits 263 

Single-Phase 263 

Half-Wave 263 

Full-Wave 265 

Full-Wave Bridge 266 

Voltage-Multiplier 266 

Full-Wave Voltage Doubler 267 

Half-Wave Voltage Doubler 268 

n-Times Voltage Multipliers 269 

Rectifier Diode 7 

Rectifier Packages, Low- and 

Medium Power 55 

Rectifier Potential-Energy Analysis 13 

Rectifier Product Matrix 70, 71 

Rectifier Voltage and Current Ratios 275 

Reed Relays 198 

Regulated DC Power Supplies Using 

Thyristor Pass Elements 287 

Regulation Technique 293 

Reliability 127 

Reliability Testing 127 
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Repetitive Peak Forward-Current 

Rating I FRM 78 

Repetitive Peak Reverse Voltage 110 

Resistive Load. Three-Phase 254 

Resistivity 4 

Reverse-Bias Conditions 15 

Reverse-Blocking Thermal Runaway 73 

Reverse Blocking Voltage 154 

Reverse Voltages 1 10 

Reverse Current 73 

Reverse-Recovery Current 74 

Reverse-Recovery Time 73, 152 

RMS Current 77 

Scan Linearity Correction 328 

Scanning 314 

SCR Characteristic 102 

SCR Horizontal Deflection Systems 314 

For Color TV Receivers 344 

For Monochrome TV Receivers 348 

Functional Description 333 

SCR Inverter 309 

Circuit Operation 310 

Gate-Trigger-Ptilse Generator 312 

Applications 313 

SCR Inverters and Converters 301 

SCR Turn-Off Time, Effect of on 

Operation Conditions 152 

Silicon Controlled Rectifiers (SCR's) 10 

Silicon Rectifiers 9, 70 

Electrical Characteristics 72 

Semiconductor Materials 3 

Series Gate Resistor, Effect of 230 

Single-Time-Constant Circuit 227 

Snubber Design Procedure 173 

Snubber Networks 169 

Soldering Methods 53 

Spark Plugs 

Condition of 350 

Polarity 351 

Voltage Waveshape 351 

Special-Function Rectifiers 95 

Controlled-Avalanche Rectifiers 95 

Voltage-Reference Diodes 96 

Compensating Diodes 97 

Staged Heat Controls 216 

Standards for Scanning and Synchronization 3 14 

Steady-State Ratings 114 

Step-Down Transformers 197 

Stud Packages 58 

Surge Current 78 

Surge-Current Rating Curve 79 

Surge Ratings 1 17 

Switching Characteristics 145 

Synchronizing Signals 317 

Temperature 152 

Thermal Fatigue 50 

Thermal-Fatigue Considerations 50 

Thermal Capacitance 30 

Thermal Considerations 29 



Thermal Impedances 30, 35 

Thermal Resistance 30 

Thermal Runaway 32 

Thermal-Stability Requirements 32 

Thermal Systems, Basic 29 

Third-Harmonic Tuning 326 

Three-Diode Multiplier 271 

Three-Phase Inductive Load 259 

Three-Phase Resistive Load 254 

Thyristor Equivalent-Model Analyses 24 

Thyristor Gating and Switching 

Requirements 138 

Thyristor Packages 56 

Flexible-Lead (TO-5-Style) 56 

Flanged-Case 56 

Versawatt (Molded-Plastic) 63 

Thyristor Potential-Energy Analysis 15 

Thyristor Structures 9 

Thyristor Triggering 177, 207, 292 

Thyristors 9 

Thyristors and Rectifiers. 

Index to RCA Types 368 

Transition Region 6 

Traffic Control Flasher 236 

Traffic Signal Lamp Controls 234 

Transient Reverse Voltage Rating 76 

Triacs 11 

Triac Characteristic 103 

Triac Controls for Three-Phase 

Power Systems 253 

Trigger-Circuit Requirements 141 

Trigger Diodes (Diacs) 191 

Trigger-Device Characteristics 228 

Triggering Devices 188 

Basic Requirements 188 

Trigger Level 139 

Turn-Off 18 

Turn-Off Switching (For GTO's) 156 

Turn-Off Time (For SCR's) 151 

Turn-Off Time Text Circuit 155 

Turn-On Time 145 

Two-SCR Analogy of a Triac 26 

Two-Transistor Analogy of an SCR 24 

Two-Transistor Switch 194 

Unijunction Transistor 193 

Versawatt Thyristor Packages 63 

Lead-Forming Techniques 63 

Mounting 65 

Special Thermal Considerations 65 

Cleaning After Mounting 68 

Voltage Breakdown 106 

Voltage Quadrupler 271 

Voltage Tripler 271 

Voltage Waveforms 293 

Zener 73 

Zero-Voltage-Switched Circuit 232 

Zero-Voltage-Switched Controls 208 

Zero-Voltage Switching 183 



